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N ON -HUMAN CARBONYL HYDROLASE MUTANTS 
DNA SEQUENCES AND VECTORS ENCODING SAME 
AND HOSTS TRAWg ypRMEp WIT H B&Tn vrrivwg 

The recent development of various in vitro techniques 
to manipulate the DNA sequences encoding 
naturally-occuring polypeptides as veil as recent 
developments in the chemical synthesis of relatively 
short sequences of single and double stranded DNA has 
resulted in the speculation that such techniques can 
be used to modify enzymes to improve some functional 
property in a predictable way. uimer, K.M. (1983) 
ScilSSe 219, 666-671. The only working example 
disclosed therein is the substitution of a single 
amino acid within the active site of tyrosyl-tRNA 
synthetase (Cys35~Ser) which lead to a reduction in 
enzymatic activity. See Winter, G., et al. (1982) 
Nature 29J>, 756-758; and Wilkinson, A.J. , et al. 
(1983) Biochemistry 22, 3581-3586 (Cys35-Gly mutation 
also resulted in decreased activity). 

When the same t-RNA synthetase was modified by 
substituting a different amino acid residue within the 
•active site with two different amino acids, one of the 
mutants (Thr51-Ala) reportedly demonstrated a 
predicted moderate increase in kcat/Km whereas a 
second mutant (ThrSl^Pro) demonstrated a massive 
increase in kcat/Km which could not be explained with 
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certainty. Wilkinson, A.H., et al. (1984) Nature 307, 
187-188. ' 

Another reported example of a single substitution of 
an amino acid residue is the substitution of cysteine 
5 for isoleucine at the third residue of T4 lysozyme. 

Perry, L.J., et al. (1984) Science 226 , 555-557. The 
resultant mutant lysozyme was mildly oxidized to form 
a disulfide bond between the new cysteine residue at 
position 3 and the native cysteine at position 97. 
lo This crosslinked mutant was initially described by the 
author as being enzymatically identical to, but more 
thermally stable than, the wild type enzyme. However, 
in a "Note Added in Proof", the author indicated that 
the enhanced stability observed was probably due to a 
15 chemical modification of cysteine at residue 54 since 
the mutant lysozyme with a free thiol at Cys54 has a 
thermal stability identical to the wild type lysozyme. 

Similarly, a modified dihydrofolate reductase from 
20 E.coli has be en reported to be modified by similar 

methods to introduce a cysteine which could be 
crosslinked with a naturally-occurring cysteine in the 
reductase. Villafranca, D.E., et al. (1983) Science 
222, 782-788. The author indicates that this mutant 
25 is fully reactive in the reduced state but has 

significantly diminished activity in the oxidized 
state. m addition, two other substitutions of 
specific amino acid residues are reported which 
resulted in mutants which had diminished or no 
activity. 
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EPO Publication No. 0130756 discloses the substituti 
of specific residues within B. amyloliquefacien* 
subtilisin with specific amino acids. Thus, Met222 
has been substituted with all 19 other amino acids, 
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Glyl66 with 9 different amino acids and Glyl69 with 
Ala and Ser. 

As set forth below, several laboratories have also 
reported the use of site directed mutagensis to 
s produce the mutation of more than one amino acid 
residue within a polypeptide. 

The amino-terminal region of the signal peptide of the 
prolipoprotein of the E . coli outer membrane was 

iQ stated to be altered by the substitution or deletion 
of residues 2 and 3 to produce a charge change in that 
region of the polypeptide. Inoyye, S., et al . (1982) 
Proc. Nat. Acad. Sci. nSA 79, 3438-3441. The same 
laboratory also reported the substitution and deletion 

15 of amino acid redisues 9 and 14 to determine the 
effects of such substitution on the hydrophobic region 
of the same signal sequence. Inouye , s., et al. 
(1984) J. Biol. Chem. 259 , 3729-3733. 

2Q Double mutants in the active site of tyrosyl-t-RNA 
synthetase have also been reported. Carter, P.j et 
al. (1984) Cell 38, 835-840. In this report," the 
improved affinity of the previously described 
ThrSl-Pro mutant for ATP was probed by producing a 

25 second mutation in the active site of the enzyme. One 
of the double mutants, Gly35/Pro51, reportedly 
demonstrated an unexpected result in that it bound ATP 
« the transition state better than was expected from 
the two single mutants. Moreover, the author warns, 

Jo at least for one double mutant, that it is not readily 
predictable how one substitution alters the effect 
caused by the other substitution and that care must be 
taken in interpreting such substitutions. 
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Based on the above references, however, it is apparent 
that the modification of the amino acid sequence of 
wild type enzymes often results in the decrease or 
destruction of biological activity. 

Accordingly, it is an object herein to provide 
carbonyl hydrolase mutants which have at least one 
property which is different from the same property of 
the carbonyl hydrolase precursor from which the amino 
acid of said mutant is derived. 

It is a further object to provide mutant DNA sequences 
encoding such carbonyl hydrolase mutants as well ' as 
expression vectors containing such mutant DNA 
sequences. 

Still further, another object of the present invention 
is to provide host cells transformed with such vectors 
as well as host cells which are capable of expressing 
such mutants either intra eel lularly or 

extraceilularly. 
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Summary of the Invention 

The invention includes carbonyl hydrolase mutants , 
preferably having at least one property which . is 
substantially different from the same property of the" 
precursor non-human carbonyl hydrolase from which the 
amino acid sequence of the mutant is derived. These 
properties include oxidative stability, substrate, 
specificity catalytic activity, thermal stability, 
alkaline stability, pH activity profile and resistance 
to proteolytic degradation. The precursor carbonyl 
hydrolase may be naturally occurring carbonyl 
hydrolases or recombinant carbonyl hydrolases. The 
amino acid sequence of the carbonyl hydrolase mutant 
is derived by the substitution, deletion or insertion 
of one or more amino acids of the. precursor carbonyl 
hydrolase amino acid sequence. 

The invention also includes mutant DNA sequences 
encoding such carbonyl hydrolase mutants. Further the 
invention includes expression vectors containing such 
mutant DNA sequences as well as host cells transformed 
with such vectors which are capable of expressing said 
carbonyl hydrolase mutants. 

Brief Description of the Drawings 

Figure 1 shows the nucleotide sequence of the coding 
strand, correlated with the amino acid sequence of fi. 
amvloli ouefaciens subtilisin gene. Promoter (p) 
ribosome binding site (rbs) and termination (term) 
regions of the DNA sequence as well as sequences 
encoding the presequence (PRE) putative prosequence 
(PRO) and mature form (MAT) of the hydrolase are also 
shown. 

Figure 2 is a schematic diagram showing the substrate 
binding cleft of subtilisin together with substrate. 
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Figure 3 is a stereo view of the S-l hin^™ u • 

- Wi «ie s i binding subsite 

»* S- aMOfilifflielaci^ subtiliein showing a lysin . 

"It bridge v a th a Glu at posltlon 

with Glu at position 166. 9 

'JSZ*- 1 ' ' E=heMtlC dla ^ M o* «» active site of 
"ubtilisin As P«. His64 ana Ser221. 

10 

Figures 5A and 5B depict the a ^„« * 

subtiliein ■ ^ aCid "luerice of 

BubtiHsm obtained from various sources Th<s 
residues directly beneath each residue of b 
amvlo1s T— irn- subtilisin ar* • , S * 

15 which m k * Sin are bivalent residues 

j.o wiij.cn (i; can be nutated in » 

can b. «ed a, a replacement aaino acia resiL L' 
MM9Hm«m,r1 w , I subtilisin. Pigurl sc ?' 
cons.rvea residues of B . tz^sUsJ^J^T™ 
,0 whan compared to other subluTsin seguenc... 

Figures « and 6B depict the inactivation of the 
= oTants " d — - — * 



IZll ■ " ult " viol « spectruB o f H.t 222F 

intctivT " d «*«*r» 9—ated a"« 

^activation by dipardodacanoic acid (DPDA) . 

Figure e shows the pattern of cyanogen brcide digests 
of untreated and DPDA oxidired subtilisin 
high resolution SDS-pyridine peptide gels. 
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Figure 9 depicts a map C f the cyanogen bromide 
fragments of Fig. e and their alignment with the 
sequence of subtilisin Met222F. 

Figure 10 depicts the construction of mutations 
5 between codons 45 and 50 of £. amvloU W - 

subtilisin. 

Figure li depicts the construction, of mutations 
between codons 122 and 127 of £. arov i ol imm ^^ mm 
10 subtilisin. 

Figure 12 depicts the effect of DPDA on the activity 
of subtilisin mutants at positions 50 and 124 in 
subtilisin Met222F. 

15 

Figure 13 depicts the construction . of mutations at 
codon 166 of fi. aavloUqn»*» subtilisin. 

Figure 14 depicts the effect of hydrophobicity of the 
20 P-l substrate side-chain on the kinetic parameters of 

wild-type S. amvlol jgpi efaciens subtilisin. 

Figure 15 depicts the effect of position 166 
side-chain substitutions on P-l substrate specificity. 

25 Figure ISA shows position 166 mutant subtilisins 

containing non-branched alkyl and aromatic side-chain 
substitutions arranged in order of increasing 
molecular volume. Figure 15B shows a series of mutant 
enzymes progressing through /?- and T -branched 

30 aliphatic side chain substitutions of increasing 

molecular volume. 

Figure 16 depicts the effect of position 166 
side-chain volumn on log kcat/Km for various P-i 
3 5 substrates. 
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Figure 17 shows the substrate specificity differences 
between Ilel66 and wild-type (Glyl66) £ . 
AJiyloliquefariPn^ subtilisin against a series of 
alpha tic and aromatic substrates. Each bar represents 
the difference in log kcat/Km for . Ileiee minus 
wild-type (Glyl66) subtilisin. 

Figure 18 depicts the construction of nutations at 
codon 169 of B.. amvlolicu efaciens subtilisin. 

Figure 19 depicts the construction of mutations at 
codon 104 of £. amvloliem efaciens subtilisin. 

Figure 20 depicts the construction of mutations at 
codon 152 g. amvl63 *gn efaci«n« subtilisin. 

Figure 21 depicts the construction of single mutations 
at codon 156 and double mutations at codons 156 and 
166 of B. amvlol ^g uef aciens subtilisin. 

Figure 22 depicts the construction of mutations at 
codon 217 for 1. amvloligu g f ae i eng subtilisin. 



Figure 23 depicts the kcat/Km versus p H profile for 
mutations at codon 156 and 166 in B. amvioiir™^-^ 
25 subtilisin. 

Figure 23A depicts the kcat/Km versus pH profile for 
mutations at codon 156 and 166 in £. amvlolim^f^pn. , 
subtilisin. 



Figure 24 depicts the kcat/Km versus- pH profile for 
mutations at codon 222 in £. amvlolim^;,rH„r, e 
subtilisin. 
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Figure 25 depicts the constructing mutants at codons 
94, 95 and 96. 

Figures 26 and 27 depict substrate specificity of 
various wild type and mutant subtilisins for different 
substrates . 

Figures 28 A, B, C and D depict the effect of charge 
in the P-l binding sites due to substitutions at codon 
156 and 166. 

Figures 29 A and B are a stereoview of the P-l binding 
site of subtilisin BPN» showing a lysine P-l substrate 
bound in the site in two ways. In 29A r Lysine P-l 
substrate is built to form a salt bridge with a Glu at 
codon 156. In 29B, Lysine P-l substrate is built to 
form a salt bridge with Glu at codon 166. 

Figure 30 demonstrates residual enzyme activity versus 
temperature curves for purified wild-type (Panel A) , 
C22/C87 (Panel B) and C24/C87 (Panel C) . 

Figure 31 depicts the strategy for producing point 
mutations in the subtilisin coding sequence by misin- 
corporation of °-thioldeoxynucleotide triphosphates. 

Figure 32 depicts the autolytic stability of purified 
wild type and mutant subtilisins 170E, 107V, 213R and 
107V/213R at alkaline pH. 

Figure 33 depicts the autolytic stability of purified 
wild type and mutant subtilisins V50, F50 and 
F50/V107/R213 at alkaline pH. 
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Figure 34 depicts the strato™ * 

»*» 36 aeplcts the constructlOT of mutants at codon 

37 dCPiCtS *"* ""^"^nucleotides used for 
synthesizing nutants at codon 204. 

s^Ututi^ o/tseTL 

»ino acid. within . nc^T^T " ~" 

A murants when compared t-« «h>,~ 
carbonyl hydrolase. non-autated 

Specifically, £. a^oiia^j,^ BU3tillsln _ 
alkaline bacterial protease ^Tx tlllsln ' an 

-irym. «,e CHi enLdin; 4. :^:::,;""^ by 

different when compared to the same propertv B * «, 

-Ulty. suistrr— —Zal 

.l^lxne .taMlity, ^ activlty> pH j££ . 
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profile, resistance to proteolytic degradation, Km, 
kcat and Xm/kcat ratio. 

Carbonyl hydrolases are enzymes which hydrolyze 

0 

II 

compounds containing c-X bonds in which X is oxygen or 
nitrogen. They include naturally-occurring carbonyl 
hydrolases and recombinant carbonyl hydrolases. 
Naturally occurring carbonyl hydrolases principally 
include hydrolases, e.g. lipases -and peptide 
hydrolases, e.g. subtilisins or aetalloproteases. 
Peptide hydrolases include —aminoacylpeptide 
hydrolase, peptidylamino-acid hydrolase, acylamino 
hydrolase, serine carboxypeptidase, metallocarboxy- 
peptidase, thiol proteinase, carboxylproteinase and 
metalloproteinase. Serine, metallo, thiol and acid 
proteases are included, as well as endo and exo- 
prot eases. 

••Recombinant carbonyl hydrolase- refers to a carbonyl 
hydrolase in which the DNA sequence encoding the 
naturally occurring carbonyl hydrolase is modified to 
produce a mutant DNA sequence which encodes the 
substitution, insertion or deletion of one or more 
amino acids in the carbonyl hydrolase amino acid 
sequence. Suitable modification methods are disclosed 
herein and in EPO Publication No. 0130756 published 
January 9, 1985. 



■Subtilisins are bacterial carbonyl hydrolases which 
generally act to cleave peptide bonds of proteins or 
peptides. As used herein, "subtilisin" means a 
naturally occurring subtilisin or a recombinant 
^ subtilisin. A series of naturally occurring 
subtilisins is known to be produced and often secreted 
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by varies bacterial species. taino acld Beguences 
the aembere of toiB 6eries ^ ^ 

exhibit the « Me or eil , llar proteolytic 
5 . "tivity. This class of Berlne proteMM sha J" c 
com,on amino ,cid sequence defining a catalytic ^ 
which distinguishes them from the chv» ot ™ • , 
cl- o f serine pr^^*^^" ' 

z^ Bi : ■ reiated - rin * boi tav. n 

10 seriT COTprisin ' -Partate, histidine and 

serin.. In the subtilisin related proteases the 

am^ ^ " °* ttaSe MiB ° Kids - *«- tte 

serine S*"*" *" "^«-»is*idine- 

serme. m the chymotrypsin related proteases t». 

sir- —v-i= '= 

"Recombinant subtilisin" refers to a subtilisin in 

ZZi T\ -°* U «* is 
modified to produce a mutant DHA sequence vhict 

25 -Uisin amino. rse^ent ^ me^T Z 

hereiT T< "° d±,1 - tl » disclosed 
exalle "° .o. 0130756. > or 

example the subtilisin multiple mutant herein 
containing the substitution of methionine at amino 

>° zizzrir-jzjz 222 vith . 

ordered to "om^ ^ant 

subtilisin containing the substitution of glutamine at 

35 "'I nulti P^ mutant thus is produced by the 

substitution of phenylalanine for methionine ^t 
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residue 50 and isoleucine for methionine at residue 
124 in the Q222 recombinant subtil isin. 

"Carbonyl hydrolases" and their genes may be obtained 
from many procaryotic and eucaryotic organisms. 
Suitable examples of procaryotic organisms include 
gram negative organisms such as E. coli or pseudomonas 
and gram positive bacteria such as micrococcus or 
bacillus. Examples of eucaryotic organisms from which 
carbonyl hydrolase and their genes may be obtained 
include yeast such as S. cerevisiae . fungi such as 
Aspergillus sp., and non-human mammalian sources such 
as, for example, Bovine sp. from which the gene 
encoding the carbonyl hydrolase chymosin can be 
obtained. As with subtilisins, a series of carbonyl 
hydrolases can be obtained from various related 
species which have amino acid sequences which are not 
entirely homologous between the members of that series 
but which nevertheless exhibit the same or similar 
type of biological activity. Thus, non-human carbonyl 
hydrolase as used herein has a functional definition 
which refers to carbonyl hydrolases which are 
associated, directly or indirectly, with procaryotic 
and non-human eucaryotic sources. 

A "carbonyl hydrolase mutant" has an amino acid 
sequence which is derived from the amino acid sequence 
of a non-human "precursor carbonyl hydrolase" • The 
precursor carbonyl hydrolases include naturally- 
occurring carbonyl hydrolases and recombinant carbonyl 
hydrolases. The amino acid sequence of the carbonyl 
hydrolase mutant is "derived" from the precursor 
hydrolase amino acid sequence by the substitution, 
deletion or insertion of one or more amino acids of 
the precursor amino acid sequence. Such modification 
is of the "precursor DNA sequence" which encodes the 
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amino acid sequence of «-v 

hydrolase r.therT than • precu «- "rbonyl 

^ j per se. Suitable methods for *„~v. 

manipulation of ■»->,- s for suc h 

01 3 o 7?6 . d he " ln in EP0 Wte-tlon No. 

deletion. These Mino acld ^. ' 11 
those assigned to the S . MMtUUaa^JT,^ ' 
sequence presented in rig 1 Th. < T EUbtlllEln 
Is „,■„- , • ■ 1,16 invention, however 

« not l^ited to the station of this n,J , 
«ubtilisi„ but extends *„ Particular 
biases containing 

•^ivalenf to the particular identiVAd " " 

"• asvioiimsfa^ subtiiisin. " dues ln 

* residue (amino acid) of » 

^rolase is eguivale t ^ ' /™7 Carb ° nyl 

subtilise if ° f 5 - 

homolo gous (i . e ., corresponding in position iS in 

amvToiT ° r POrti ° n ° f in B 

aavlo3ig»^, r1rT1 , subtiiisin M * », . S * 

similar f Un , f ^ , tlA1Sln Cl - e -' having the same or 

"Hilar functional capacity to combine reac t 
interact chemically) . ' reaCt ' cr 

in o ra e r to estabUsh ^ 

the amino acid sequence of „ ^ ^ructure, 
hydrolase is dir!^ P^^rsor carbonyl 

■ 18 airectly comparted to th. 

SSMiauifacigM subtiiisin nri* S * 
particularly to a set of rllT *** 
invariant in all subtUislns for i* ^ *° * 
known (Figure SC) ' ' SlnS , f ° r VhlCh 8e ^ence is - 
residues I, * ali * nin * the conserved 

residues, allov.ng for necessary insertions and 
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■Ulet.ons in order to Mlatmln 

.voiding the elimination of oonBm ^ J 
arbitrary deletion and i ns . rtlon) ^ ! 

equivalent to particular Mino ^ 

should conserve loo% o£ such P "2 e "« 
alignment of greater than 75* or as little as To, ^ 
conserved residues is also adequate to ! V 

:srr residues - °» 

tri-. Asp32/His6 V s.r221 should he maintained. 

^ r tmsTn e ' f in Fl5Ure w the Mlno " ia « 

15 L,^ -ii£h ^^ (carlsberge^IsTlrf 

aligned to provide the maximum amount If >, , 

b .tween amino acid sequences. * T^ison TlllZ 
sequences shows that there a « » „ C 

residues contained in sequence L." T"^ 

20 are identified in 5C . Th "* r *" d >'« 

These conserved residue, thus may be used to define 
the corresponding equivalent amino acid residue, of j 

a»vloHn,,. f .. )rn .Ubtilisin in 
2S ^ola.es suoh a. ^hermitls. ^ived^m 

.Ug^Tr" 8 - Ihe " tW ° PartiCUl " "quences are 
aligned ln Flg . 5B te proSuce ^ ^ 

conserved residues. As can be seen there are a Zbll 
« xn.ert.ons and deletions in th. thermlt.se sequence 

30 in IT""" ^ *■ "^^^^ subtilisin. ^hus 
« th.rmat.se th. equivalent amino acid of Tyr21, i„ 
S- ■"VlgllT^fnnenP Bubtiiism is the particular 
lysine shovn beneath Tyr217. " 

35 In Fig. SA, the equivalent amine . cl d .t position 217 

*» fi- s^yioii^aef^^ muhtlliein ia ^ 
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in fl. subtilis subtilisin position 217 is also 
occup.ed by Ty r but in £ . Ucheni^ position £ 
is occupied by Le U . 

s^, • theSe , PartiCUl " ^ thermitase. end 

hf sub ^ !T S - Mbtili ^ — S- AisMnWs. may 
be substituted by a different imlno ac7Tt7p^u« I 

mutant carbonyl hydrops. since they are equivalent in 
primary structure to Tyr217 in p , ^ U1Val<int ln 

subtilise c • , iyr2i7 in E . MDVl li H r .>,. ) . n 
cubtili.in. Equivalent amino acids of course are not 
limited to those £or ^7 hut extend to any rlsi^e 
which is equivalent to a residue in » • , , . 
***** -ether such residue. -Tc^'E^- 

Equivalent residue, homologous at the level of 
tertiary structure for a precursor carbonyl hydrolase 
whose tertiary structure ha. been determined ly l-lll 
crystallography, ar. defined a. those for which Z 
atomic coordinates o, 2 or more of the mat ^ 
atom, of a particujar amino acid residue of £ 

subtilisin (N on K, ca on CA, c on C, and o on o. are 
v^thin o.l 3 nm and preferably o.inm after alignment 

orwT J ,C " MeVed 

atomic PMltlOBed tD SiV ' «" overlap of 

atomic coordinates of non-hydrogen protein atom, of 
«e carbonyl hydrolase in option to the B f 
WWW^m, .ubtilisin. !h. best model is toe 
crystallographio model giving the lowest s factor Tr 
experimental diffraction data at th. t \ 
resolution available. " the Mgh.st 

l|Fo(h)|-|rc(h)| 

H factor « — 



I|Fo(h) | 
h 
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Eguivalent residues which are functionally analogous 
to a specific residue of b. ainvlol jnupf^-i^ 
subtilisin are defined as those amino acids of the 
precursor carbonyl hydrolases which may adopt a 
conformation such that they either alter, modify or 
contribute to protein structure, substrate binding or 
catalysis in a manner defined and attributed to a 
specific residue of the B ..„-i«i* ^ . 
subtilism as described herein. Further, they are 
those residues of the precursor carbonyl hydrolase 
(for which a tertiary structure has been obtained by 
x-ray crystallography), which occupy an analogous 
position to the extent that although the main chain 
atoms of the given residue may „ ot satisfy the 
15 " lteria ° f ^valence on the basis of occupying a 
homologous position, the atomic coordinates of at 
least two of the side chain atoms of the residue lie 
with 0.13na of the corresponding side chain atoms of 
S ; . attyloliquefarW subtilisin. The three 
20 ablve" 0 " 411 StrUCtUreS W ° Uld be ali ^ ed « outlined 

Some of the -residues identified for substitution, 
insertion or deletion are conserved residues whereas 
others are not. m the case of residues which are not 
conserved, the replacement of one or more amino acids 
is limited to substitutions which produce a mutant 
which has an amino acid sequence that does not 
correspond to one found in nature. m the case of 
conserved residues, such replacements should not 
result in a naturally occurring sequence. The carbonyl 
hydrolase mutants of the present invention include the 
mature forms of carbonyl hydrolase mutants as well as 
the pro- and prepro- forms of such hydrolase mutants. 
The prepro-forms are the preferred construction since 
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and 



this facilitates the e v nrec . 
"Expression vector" refers to 

containing a DNA sequence wh^h • * ^ COnstruc t 

« s Uitable control llnked to 

expression of said DNA ln . * ° f Acting the 
-trol se 5 uences TxJe «»''• ««» 

tra nscrlPtion , an ope p r r ;; o ° r ter to •««* 

control such transcription f """"^ t0 

suitable mroiA rlboso „ e b . nd ; SS ™ coding 

"hicl, control termination of ! 

translation. The vector may be a oi?".?" 0 " Md 
Particle, or. stoply a potential plaE1 »", a phage 

transformed i nto \ £ % hJsT th ^ ^ 
replicate and function independent!, /*?* 
ceno»e. or n ay. i» sraie in st a nces "J. °* h °" 
jrenome itself. In th ' "'*'"»• into the 

"plasnid" and -vector" P " Sent Speclfic «i°n, 
interchangeably as th. placid"', J 0 "" 8 "" 1 " »«•* 
»«* form of vector at ™ OSt c °»»°nlv 

invention is intended to includVsth JT7' 
expression vectors which . 1 forms <* 

« «e. or becte" '"""^ 

The -host cells" used i» the ' „ 

generally are procanm«„ Present invention 

Preferably havf beT ° « aC ™c ^ 
disclosed in EPO ZliZ * * "•««*. 

Publication Ho. 0130756 to render 
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then incapable of secretin 

subtilisin is the B aci -ii expressing 

a.«d«t in en^atLau"" " rSin ^ «** 

• ^x-iine ProtM r (^st, e r tri1 protM " « na 

5 strain BG20 36 is described in d ', T, C ° nStrUrti °» « 
' „d .^^SV" « 

Bl - J. BactpW„,_ lt0( 15 .,, ' " 

*or expressing .ubtZIHin i„ =n „ ° ther h °" 
1Q »« ,« ^ lMtl ^» ^ «^ 

traced Lst 9 : m teChni,UeS - "* 

"Pitting v . ctors -^^"^V- 
-utants or expressing tn. desired I * >»*™l,se 
X- tn. ease of vectorTl 1 ^ hy<,r01 '" 
« P"P» for, o f tbe =arIo,yl LSlf P " 
»»tants. wh« expressed . rl\ yAl01 "' ButMt < «ch 

- ,os t M11 ^ z^i?::zz - cretea *- 

*> functions as a .Lai .. * Peptlde " " 

-cretion of JL^T^' *» «» 

Probably involving cleavage oTtha .i^, * Mt 
promoter is operably linkL * whence. A 

-trols tb. t'ranscriptit J°tLT" "~ " " 

0 binding , lte u operably ^ ' ! 

- i. i. positioned so a. ^ ^SS^~ I 

1 J rained in accord with the • 
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general methods described herei, 
No. 0130756. 



in EPo Publicati 



on 



10 



15 



20 



25 



30 



35 



Once the carbonyl hydrolase gene has b. , 
. number of .odif ications are J d JJ^ ^„.d # a 

use of the gene beyond ^^3^?^ 6nh — the 
occurring precursor y * thesis of the naturally- 

Edifications lB(!l ^ Jl™ 1 ^rolase. 

Such 

*»■ "130756 and the pj;;;;;;^ ^" i « ti = n 

™tants described herein. <=arbo„ y i hydrolase 
The carbonyl hydrolase 

mention My be 9enerated ' " «» P»«»t 

"mtagenesis (Smith, M. (i 9851 ,„ speci fic 

"87-6500,, c ' ett . U982) i!H£ieic_ a£ i d _R^ — 

•»««.»■ o'r ^j^^rp 3 ^ - 

Protein., c,.- 1 ~ Fun " D -' « «• (1966) 

«atsu,nura. „. , et - al. <„,«, ' " r£ - ^- ^- 747, 

et al . , 3986 2 : : ;2 ^ff= r aa. »»., 
"«> o* th. cicned prT^rrrr^ 2i -^- & 

cassette ..utagenesis and Z °l ^ • 

««losed herein are prefer!" m "^««« ™thod 

enzyn.es exhibiting one or moT . o are Greened f or 
substantially difL ent * " Pr ° perti ** which are 
Precursor L^Z^Z^ " * 

alkalxae stability, resistance to 



0251 

-22- 

proteolytic degradation, pH-activity profiles and the 
like. 

A change in substrate specificity is defined as a 
difference between the kcat/K* ratio of the precursor 
carbonyl hydrolase and that of the hydrolase autant. 
The kcat/Xa ratio is a measure of catalytic 
eff iC1 enty. carbonyl hydrolase mutants with increased 
or diminished kcat/KB ratios are described in the 
examples. Generally, the objective will be to secure 
a »utant having a greater (numerically large, kcat/Ka 
ratio for a given substrate, thereby enabling the use 
of the enzyme to Bore efficiently act on a target 

IT^IV A SUbStantiaI chan * e *» ^at /Kffl ratio is 
preferably at least 2-fold increase or decrease. 
However, smaller increases or decreases i„ the ratio 
(e.g., at least 1.5-fold, are also considered 

iTsllT 1 ' lnCreaSe ln «"o for one 

rati!" ^ aCCOInpanled b * * reduction in kcat/K» 
ratio for another substrate. This is a shift in 

T*TT BpeCiticit *' ™* exhibiting such 

shifts have utility where the precursor hydrolase is 
undesirable,. e.g. to prevent undesired hydrolysis of a 
Particular substrate in an admixture of substrates. 
K» and kcat are measured in accord with known 
procedures, as described in EP0 Publication No. 
0130756 or as described herein. 

Oxidative stability is measured either by known 
procedures or by the methods described hereinafter, a 
substantial change in oxidative stability is evidenced 
by at least about 50% increase or decrease (preferably 
decrease, in the rate of loss of enzyme activity when 
exposed to various oxidizing conditions. such 
oxidizing conditions are exposure to the organic 
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oxidant diperdodecanoic acid (DPDA) 
conditions described in the exaapK ' ^ **' 



Les. 



Alkaline stability is measured _ 
procures or by the Mth0<J . ^£ « * *>°™ 
substantial change in alkaliM ^^J""*»- * 
by at Last about a s% or greater Z ^denced 
drably increase, J'tT £ ""^ "fT 
«n*yma tl c activity of a mutant when compared to " e 

Phosphate, P B i' '. t : s f 0 r 3 T. c elCMPle ' ^ 

Thermal stability is measured either k 
procedures or by the ! by * r,own 

y tne methods described her.-ln > 
substantial change in thermal stabilitv \ 
by at least about a 5* or v-tZt^"™"™" 
(Preferably increase, ln ^ ^™ * 
catalytic activity of. a mutant vh " " ° f *"* 
natively high, temperature andt^ ^TL^ 

2s autoproteolytic degradation 0^11^ 

temperatures and neutral p H e a * elevated 
calcium chloride. somH ^ « 

The inventors have produced mutant subtm • 
containing the substitution of the amino ^TltlllZ 
«* subtilisin shown in Tali, i 

«• a »Y;°ltqu,f,r 1Pn , subtilisin is shown in Pig. i. 
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Residue 


Tyr21 


FA 


Thr22 


C 


Ser24 


c 


Asp32 


Q S 


Ser33 


A T 


Asp36 


A G 


Gly46 


V 


Ala48 


E V R 


Ser49 


C L 


Met50 


C F V 


Asn77 


D 


Ser87 


C 


Lys94 


C 


Val95 


C 


Leu 9 6 


D 


Tyrl04 


A C 0 E 


Ilel07 


V 


GlyllO 


C R 


Metl24 


I L 


Asnl55 


A D H Q 


Glul56 


. Q S 


Glyl66 


CEIL 


Glyl69 


C D E F 


Lysl70 


E R 


Tyrl71 


F 


Prol72 


E 0 


Phel89 


A C D E 


Aspl97 


R A 


Metl99 


I 


Ser204 


C R L P 


Lys213 


R T 


Tyr217 


A C D E 


Ser221 


A C 
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are represented 
single letter 
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20 
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Amino acid 
or residue 
, thereof 

Alanine 
Glutamate 

Glutaaine 

Aspartate 

Asparagine 

Leucine 

Glycine 

Lysine 

Serine 

Valine 

Arginine 

Threonine 

Proline 

Ieoleucine 
Methionine 

Phenylalanine 
Tyrosine 

Cysteine 

Tryptophan 

Histidine 



3-letter 

Ala 

Glu 

Gin 

Asp 

Asn 

Leu 

Gly 

Lys 

Ser 

Val 

Arg 

Thr 

Pro 

He 

Met 

Phe 

Tyr 

Cys 

Trp 

His 



1-letter 

_ symbol _ 

A 

£ 

Q 

D 

K 

L 

G 

K 

S 

V 

R 

T 

P 

I 

H 

F 

y 
c 
w 

H 
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**=.pt vh.ra otherwi.e indicated by co „te« 
««o acid. ,„ r.prese„t.d by tj T ' ""^W 
— rapped a»i„o «Ids T th "'- 1 " t « 

residua 50 in n . tte » e «lionii,e at 

aoOsUaiSfasi^ .ubtilisin is 
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replaced by phenylalanine, this mutation (mutant) may 
be designated Met 50F or F50. similar des ignations 
are used for multiple mutants. 

in addition to the amino acids used to replace the 
residues disclosed in Table I, other replacements o* 

T aCidS at th6Se residu - ™ expected to produce 
mutant subtilisins having useful properties. These 
residues and replacement amino acids are shown in 
TaDie II. 
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L 
K 
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L K I V 

D 

N 

R Q 
L I 
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X A 

c 1 I T M 
A T M L Y 
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Each of the mutant suh H 15 • 

replacement of / ubt * 1 "«» in Table j contain ^ 

^^^^ -in" aci r SidUe ° f the I- 
particular residues were «.* Se *>*nce. These 

were ch OS e n to probe the influence 
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"Other amino acld proauc V "f B " with 
enhance, o*id at i ve ^ ~ «"» 
•» Preferred replacement *~ — H. 

0 EPO *ub a i Mt l on Ho 013075( ._ Me " 22 «• discloses in 

• SX-"T«n^t T iau " *~ — 

»eing important with reoa*-^ * 
specificity. These _ . . . regard to substrate 

-utants containing the v.w» f ° r Khl =» 

" other residue, presented h , ' " Vel1 ' 

»=v. yet to b. made " *" Which "«ants 

-o 1U tio» c ly? ::r e Lct;.\7 B ^r 1 r re ' M9h 
-uhtiiis^ to 1#t A (see » ° I- 

in Jtta mutagenesis o f sultUi I 
literature on subtilisin ~. ■ " ubtll " 1B »<S the 
crystai structures otl^T "* *>* ~»* 

^und peptide inhibitors dZZT'Tl 

fR»bert«m^et ,V ' ' Pr ° dUCt COD Pl«es 

«»-<30 3) , and^'traTsitt'n stlte' an^^ U ' 

»•*-. *S fll (1975) J. Biol ~ 35 ( " ,ttt *-' 

r . L ., tt -jr^j a r,. a ? 1 - 7Mo - ,im ' 

""-U03J , has helped in id'nt^^- 3 ^ 
Peptide bindino cl.J* ■ ldentlf yl»S an extended 

biding =le ft to^r StT^"* 1 "- SUb "» t ' 
ogether with substrate is schematically 
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diagrammed in Fig. 2, according to the nomenclature 
of Schechter, I., et (1967) Biochem RjL n_j ^ 

Somm, 27, 157. The scissile bond in the substrate 
xs identified by an arrow. The P and P- designations 
«fer to the amino acids which are positioned 
respectively toward the amino or carboxy terminus 
relative to the scissle bond. The S and s • 

bindlT 1 ?^ ref6r t0 SUbSlteS ln the SUbst ^e 
binding cleft of subtilisin which interact with the 

corresponding substrate amino acid residues. 
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Apoen2^rF^°°^ nates for **• 



1 ALA ft 

1 ALA C 
> ALA €• 

2 ALft CA 
2 ALft 0 
2 ALft CC 

2 ALft DEI 

3 SEt ft 

3 set c 

3 SCI Ct 

* t al « 

* »AL C 

* OAL €1 

* »AL C62 
$ 'AO CA 
A HO C 
5 *to CA 
A TTt ft 
A TTt C 

• TTt CA 
A TTt CO J 
A TTt CC1 

• TTt CI 
T ALT ft 
T ALT C 

• TAL ft 

• TAL C 

• *AL CA 

• *At Ct* 

• Sit CA 

• SEA 0 
t SEt OC 

** ALA CA 

*• ALA 0 

20 ALft CC 
*• *t« OEl 

21 Kf « 

21 XLE C 
H HE CA 
" Uf CA2 

22 ITS ft 
12 its c 

its ca 

2' ITS CO 

« trs a* 

2* ALA CA 

23 ALA ft 
2A MA ft 

ia mo c 

;a »t 0 ci 
;* a«o cd 

at ALA o 

** ItW ft 

}• tiu c 

ttw ca 

** 1A« Cll 
l> 11,1 • 
" 4** CA 
" MS ftOt 
" MI Ctl 
2A . AAA ft 



19.434 
10.731 
21.095 

19.745 
15.324 

14.735 
10.500 
14.991 
14.129 
14*999 
1A.037 
15.314 
14.995 
13.441 
14.343 
IS. 351 
17.924 
11.437 
it. 535 
19.222 
14.444 
12.400 
12.441 
12.343 
11.74$ 
It. Ml 
24.419 
24.212 
14.1*2 
11.944 
12.795 
14.295 
14.554 
11.425 
10.209 
9.132 
9.142 
11.272 
10.4S4 
11.257 
12.543 
24.474 
9.325 
9.339 
21.332 
H.7A4 
23.442 
22.291 
12.379 
19. AAA 
9.995 
7.912 
4.744 
S.991 
A.AA5 
9.519 
9.791 
9.939 
9.224 
19.44J 



93.195 
30.9E5 
S1.51A 
49.004 
47.145 
47.905 
49.412 
47.205 
44.414 
45.A3A 
43.444 
42.934 
41*422 
42.244 
41.415 
29.243 
43.215 
39.740 
34.975 
37.323 
35.452 
34.970 
33.254 
37.342 
34.535 
37.529 
34.433 
39.900 
39.919 
35.342 
33.914 
34.747 
32.434 
30.442 
32.417 
33.940 
32.575 
31.792 
32.449 
32.455 
32.295 
33.994 
99.444 
29.517 
27.490 
35.299 
35.904 
35.959 
35.557 
34.590 
35.934 
33.439 
33.729 
34.130 
35.925 
34.423 
33.294 
34.929 
37.911 
99.199 
39.997 
39.914 
37.935 



-21.754 
-21.324 
-21.193 
-21.4J4 
-21.491 
-21.927 
-22.947 
-19.952 
-19.490 
-19.04* 
-19.725 
-19.290 
-20.A22 
-22.154 
-14.027 
-37.144 
-15.921 
•15.447 
-13.521 
-14.934 
-3 4.344 
-14.453 
-13.421 
-14.430 
-15.470 
•14.541 
-19.735 
•19.547 
-1T.733 
-19.342 
-19.301 
-20.359 
-14.974 
-17.413 
-14.599 
-12.744 
-17.474 
•19.405 
-17.475 
-19.941 
-20.277 
-22.522 
-22.214 
-22.139 
-20.935 
-22.431 
•24.901 
-23.493 
-24.317 
-24.492 
-22.734 
-27.347 
-29.279 
-27.249 
-29.521 
•24.499 
-27.909 
-27.922 
-29.999 
-27.432 
-25.272 

•24.144 

-39.922 



1 
1 
2 
2 
2 
2 
2 
9 
3 
3 
4 
4 
4 
5 
S 
9 
I 
A 
A 
A 
A 
A 
A 
7 
T 
A 
A 
A 
9 

• 

10 
10 
1A 

10 
10 
11 
11 
11 
11 
12 
12 
12 
12 
13 
13 
13 

14 

14 

14 

19 

15 
If 
1A 
1A 
1A 
1A 
IT 
17 
17 
17 
17 
19 



CA1 



OLA C« 
ALA 0 
ALft ft 
ALft C 
ALU C9 
ALft CO 
*Lft ft£2 
SCI CA 
SCO 0 

set oc 

9AL CA 
9AL 0 
9AL 
990 „ 
990 C 
«0 CO 
no CO 

TTt CA 
TTt O 
TTt CC 
TTt C02 
TTt CC2 
TTt Oh 
ALT CA 

Alt o 

»AL CA 
9AL 0 
»«L CC1 
SE9 ft 
$99 C 
SEt Ct 
ALU ft 
ALA C 
ALA Cfl 
ALft CO 
6l» «E2 



1LC CA 
2LE 0 
2LE CA1 
Uf C01 
LTS CA 
ITS 0 
LTS CA 
ITS CE 



ft 

c 



ALA 
ALA 

ALA CO 
WO CA 
MO 0 
*00 CA 
ALA ft 
ALA C 
ALA CA 
LEU CA 
LEU 0 
100 CA 
LEU C02 
MS CA 
■IS ft 
•IS CA 
MS CA7 
MS ftE2 
309 CA 



19.911 
19.374 
10.249 
27.975 
24.125 
19.912 
1A.US 
17. 950 
1S.590 
17.402 
19.944 
27.123 
14.974 
15.239 
19*991 
14.150 
24.944 
14.429 
19.224 
19.021 
17.494 
17.915 
19.912 
13.211 
11.747 
11.777 
11.439 
11.104 
13.441 
14.149 
13.924 
14.115 
12.AA7 
24.125 
24.494 
24.352 
29.373 
9.173 
9.444 
T.59A 
11.399 
19.179 
12.293 
23.923 
20.199 
29.924 
9.995 
21.995 
11.779 
13.329 
11.549 
19.992 
11.992 
1.791 
7.342 
9 .799 
A. 494 
A.999 
9.197 
9.195 
9.941 
A.A79 
11*199 



31.774 
91.197 
A9.A94 
47.704 
40.740 
47.742 
A4.917 
45.940 
45.352 
44.2X4 
42.419 
41.179 
49.572 
42.194 
39.905 
41.190 
42.994 
37.503 
35.943 
35.947 
34.999 
33.539 
31.930 
34.440 
35.470 
37.523 
35.714 
30.493 
34.319 
33.920 
35.432 
33.497 
31.997 
32.995 
31.921 
30.949 
31.904 
31.333 
34.117 
34.444 
32.119 
32.793 
29.939 
27.447 
94.135 
39.714 
34.195 
34.434 
94.947 
34.979 
34.294 
33.795 
31.949 
34.959 
34.1U 
33.445 
32.207 
39.251 
39.422 
99.299 
99.924 
99.929 
94.739 



-21.9*$ 
-29.175 
-22.941 
•29.952 
•22.449 
-22.930 
-23.924 
-19.437 
-19.229 
-17.449 
-19.435 
-19.914 
-29.741 
-17.331 
-14.744 
-15.243 
-17.417 
-13.715 
-14.235 
•15.A55 
-14.971 
-14.379 
-15.994 
-14.374 
-15.913 
-17.134 
-19.470 
-19.943 
-19.775 
-19.945 
-19.395 
-17.442 
-17.277 
-IS. 410 
-13.147 
-12.251 
-10.142 
-20.140 
-10.945 
-17.923 
-21.722 
-23.494 
-21.423 
-21.144 
•21.491 
-23.941 
-21.545 
-23.129 
-27.445 
-23.221 
-24.125 
-23.932 
-27.942 
-27.92t 
-29.590 
-24.522 
-24.291 
•20.535 
-99.9 9* 
-24.242 
-23.454 

•24.341 
-31.322 
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rii 
4ft 


• « a * 

9*191 


. 94*202 
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4*141 


40*927 


14 Til 
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• * in* 
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C 

C4 
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CA 

G 

CC 
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CA 

0 
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M 

c 

C9 
CA 
0 

CA 
0 
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-0.971 
-0.744 
-14.444 
-11.432 
-4.435 
-5.273 
-4. 742 
-5.144 
-7.123 

-6.644 

-4.351 
-5.994 
-1.712 
-2.943 
-5.754 
-4.T22 
-5.944 
-1.172 
-1.439 
-4.942 
-1.494 

• •414 
1.431 
1.594 
1.744 
4.959 
8.444 

• •531 
2.2*1 
2.219 
4.124 
2.743 
2.433 
4.152 
5.471 
4.523 
4.202 
3.344 
3.144 
2.147 
2.414 
2.247 
2.392 
3.233 
5.449. 
4.744 
5.934 
4.743 
4.449 
4.945 
9.904 

1A.474 
4.142 
4.114 
1.9A4 
1.373 
4.143 
2.332 
4.994 
7.494 
7.177 
4.492 
• •191 



50.291 

95.139 

99.290 

99.143 

41.179 

59.923 

94.425 

54.944 

59.257 

54.17S 

55.482 

54.242 

57.129 

57.502 

55.794 

55.255 

55.934 

57.553 

54.483 

54.241 

41.244 

55.595 

55.247 

53.744 

52.337 

55.245 

94.544 

54.441 

54.432 

53.434 

31.493 

51.319 

49.477 

52.194 

54.254 

51.954 

49.479 

47.759 

47.901 

45.247 

43.944 

49.424 

44.434 

49.459 

49.409 

51.51] 

52.474 

47.341 

45.638 

44.273 

44.474 

45.514 

44.447 

43.942 

43.249 

44.449 

44.394 

47.431 

44.005 

45.194 

43.019 

41.029 

42.992 



-4.249 
-4.779 
-5. 38J 
-4.&17 
-9.081 
-t.555 
-5.244 
-7.474 
-11.177 
-14.233 
-4.944 
-14.491 
-14.253 
-12.423 
-14.459 
-14.928 
-15.531 
-7.934 
-4.115 
-4.934 
-4.436 
-7.211 
-3.999 
-7.144 
-5.140 
-3.550 
-2.475 
-1.744 
-1.940 
-2.444 
-2.479 
-1.421 
-1.343 
-3.743 
-5.294 
-4.412 
-4.434 
-4.241 
-3.747 
-4.241 
-4.054 
-4.587 
-4.037 
. -8.432 
-14.291 
-4.447 
-10.049 
-4.454 
-11.150 
-4.144 
-4.474 
-4.146 
-19.244 
-12.535 
•14.424 
-12.115 

-14.411 

-13.384 
-14.474 
-14.119 
-14.44* 
-14.499 
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74 

74 

74 

74 

77 

7T 

77 

77 

7t 

71 

71 
7$ 
79 
7f 
79 
11 



00 
11 

• 1 
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ALA ft 
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ASA CA 
ASH C 
ASM II 
ASM C 
ASA CA 
ASM 001 

SEA a 

set C 

SEA Ci 
ILE A) 
ILE C 
ILE Ci 
ILE C42 
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ALT C 

val a 
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VAL CC2 
LEU CA 
LEU 0 
LEU CC 
LEU C02 
ALT CA 
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•* VAL CA 
»4 VAL 0 
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•5 ALA m 
•3 AI.A C 
« ALA Ci 
•* »t0 CA 
•4 »A0 o 
•A *A0 CC 
'7 Sft II 
• 7 311 C 
•» SEt Ci 
•• ALA a 
ALA CA 
ALA ft 
M SEt OC 
•* SEt CA 
S3 Stt 0 

LEU CA 
*• LEU 0 
*• LfU CC 
«U C02 
7ft CA 



7.774 
3*374 
4.341 
1.512 
4.504 
3.41] 
3.137 
7.473 
7.959 
7. .50 
t.192 
7.343 
4.373 
3.147 

ie.950 

13.A10 
33.733 
11.304 
13.707 
11.335 
12.032 

1*. lis 

15. Olf 

13.303 
l4.|5| 

14.417 
14.471 
34. H7 
14.995 
14.412 
13.513 
12.311 
13.001 
11.433 
11.312 
10. AS. 
21.430 
12.339 
A.133 
• •344 
4.973 
4.424 
3.430 
3.154 
4.713 
2.344 
3.41J 
4.291 
7.A30 
3.54A 
1.103 
2.401 
1.017 
-A. 273 
-0.174 
-4.1*4 

-3.901 
-3.793 
-2.371 
-3.512 
-1.233 
1.140 
-3.254 



*3. Si? 
42.491 
42.314 
42.493 
44.417 
44.133 
41.441 
47.591 
44.440 
40.784 
49.541 
30.471 
12.434 
41.103 
45.940 
44.431 
49.141 
41.444 
11.029 
32.074 
51.344 
52.247 
52.742 
53.941 
52.545 
31.433 
34.174 
55*320 
51.741 
49.441 
41.744 
44.919 
44.755 
47.241 
45.020 
43.334 
43.541 
42.475 
43.321 
41.121 
11.107 
39.472 
37.477 
4 0.924 
42.413 
40.443 
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44.405 
43.444 
44.474 
45.132 
44.777 

44.544 
44.353 
44.717 
47.102 
44.147 
45.144 
47.447 
49.404 
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41.524 
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-11.14* 
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-21.139 
-22.944 
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-23.4J4 
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-13.111 
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LEU CA 
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LEU CC 
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ASM CA 
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AS* CA 
ASA D 
ASt CC 
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SEA CA 
SEA D 
SEA CC 
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XLE D 
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*2 LEU ft 
«2 LEU C 

12 LEU CI 
S2 LEU CD1 
•3 ALT ft 
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« ALA CA 
15 ALA 0 
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11 ALA C 
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4.939 
4.312 
2.324 
2.142 
4.337 
3.042 
4.344 
7.740 
1.453 
7.112 
11.142 
4.123 
5.194 
12.315 
11.195 
11.359 
11.157 
12.220 
14.344 
11.250 
11.294 
15.513 . 
14.992 
15.924 
15.155 
13.343 
32.94 5 
32.135 
14.474 
15.719 
13.411 
12.240 
14.030 
12.124 
11.190 
12.204 
11.794 
3.112 
1.027 
7.272 
A. 144 
4.254 
7.190 
4.217 
3.240 
3.240 
4.321 
4.322 
A. 377 
2.419 
1.142 
3.591 
-•.143 
-1.199 
•2.219 
-4.343 
-3.'134 

-2.444 

•1.413 
•1.951 
•t.121 
-4.244 
•4.173 



42.017 
43.094 
42.147 
42.327 
43.191 
47.144 
44.429 
47.449 
47.444 
41.941 
41.751 
50.913 
51.442 
44.432 
44.774 
47.731 
45.479 
51.957 
49.979 
52.127 
32.741 
52.414 
31.172 
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52.714 
51*941 

54.132 
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31.940 
41.994 
47.214 
47.TJ9 
47.094 
45.445 
44.021 
44.219 
44.457 
44.190 
42.111 
41.112 
40.130 
11.920 
11.507 
41.194 
43.401 
43.134 
45.371 
44.734 

42.440 

49.324 
45.513 
45.143 
43.510 
45.717 
41.491 
44.903 
44.710 
47.454 
40.41O 

41.273 
44.341 
47.944 
41.730 
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-22.454 
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-21.415 
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-23.414 
-23.025 
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-17.913 
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-11.041 
•20.117 
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•21.229 
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-13.925 
-33.213 
-21.140 
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•17.705 
•22.151 
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•23.947 
•23.913 
•23.434 - 
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-14.931 
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93 f At C 
«) OAL CO 
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95 TAL m 
9S OAL t 
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95 TAL CC2 
94 LEU CA 
9* LEU 0 
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94 LEU C02 
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91 ALA C 
99 ASP ft 
99 ASP DDI 
99 ASP CI 
«9 ASP C 
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1»9 CLT C 

lei SEt a 
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111 SEt CI 
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192 CLT C 
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103 CL* C 

163 CLt Ct 
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194 TTt CA 

194 TTt 0 

194 TTt CC 
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393 SEt O 

193 SEt OC 
1*4 TAP CA 
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194 TAP C02 
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»•» IK CA 
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-7.971 
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-11.429 
-19.379 
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-14.077 

-14.150 
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-11.359 

-14.4T1 
-9.29J 
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49.275 
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44.199 
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40.014 

47.055 

47.370 
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50.410 

92.320 

44.200 

45.071 

41.409 

47.030 
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49.103 
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44.799 

44.012 
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01.443 

55.471 
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52.573 

99.902 

51.493 
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49.113 

47.451 

40.121 

47.194 
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47.002 

44.534 

47.051 

45.232 

47.307 

40.104 
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40.029 
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30.191 
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49.1U 
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•10.149 
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•12.707 
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-11.329 
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-4.09* 
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-5.024 
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-4.310 
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2.002 
2.000 
2.532 
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2.521 
2.491 
2.022 
3.274 
4.015 
4.112 
1.50A 
-0.407 
2.4T2 
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2*372 
3.324 
-A. 034 
-2.250 
1.450 
•1.O40 
-4.245 
-9.204 
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2.541 
2.000 
2.455 
-3.325 
-5-300 
-1*0*4 
-5.427 



01 TTt CI 

91 TTt COl 
♦1 »TA Cfl 
51 TTt C2 

92 ALA m 
92 ALA C 

92 ALA C9 

93 OAl CA 
93 tAL 0 

93 OAL CC1 
*4 LT J « 

94 ATS C 
94 ITS CO 
94 LTS CO 

94 LTS AZ 
05 VAL CA 

95 OAL 0 
95 OAL CCi 
94 LEU ft 
•4 L*U C 
94 LEU CI 
94 LEV COl 
97 CLT « 
97 CLT C 

90 ALA n 

91 ALA CA 
91 ALA 0 
99 ASP 002 
99 ASP CC 
99 ASP CA 
99 ASP 0 

190 CLT CA 

190 CLT 0 
141 SEE CA 

102 SEt 0 

191 SEt OC 

192 CLT CA 
192 CLT 0 

103 CL* CA 
103 CL* 

103 CLM CC 
>03 CL* 0E1 
144 TTt « 

104 TT« C 
104 TTt CO 

194 TTt CD1 
104 TTt Cfl 
104 TTt C2 
165 SEt * 

195 SEt C 
195 SEt CO 
104 TIP ft 
104 TOP C 
1C4 TIP CO 
194 TIP CD1 
104 TOP &r j 
104 TOP CE3 
194 TOP C23 
197 ILE tt 
147 XLE C 
197 llf CO 
107 XLE CC2 
149 XL? II 



•4.414 
•4.595 
-4.913 
-7.794 
-4.09S 
-5.123 
-3.997 
-7.1IJ 
-4.111 
-9.215 
-4.017 
-7.331 
-4.051 
-4.041 
-3.735 
-7.444 
-7.421 
-9. 141 
-5.474 
-4.331 
•3.309 
-2.207 
-4.324 
•2.343 
-1.954 
-0.543 
1.393 
-2.431 
-2.013 
0.101 
0.735 
-0.34 3 
-1.449 
-3.342 
-4.751 
-4.411 
-7.177 
-7.101 
-10.533 
-30.779 
-11.341 
-12.159 
-31.411 
-13.031 
-12.497 
-11.010 
-10.109 
-0.544 
-13.009 
-14.172 
-15.000 
•13.070 
•11.005 
-11.121 
-12.042 
-12.401 
-0.275 
-l*54| 
-11.339 
"11.955 
-9.044 
-0.432 
32.994 



48.093 
47.41S 
47.572 
40.512 
44.051 
90.033 
91.421 
41.054 
47.993 
47.411 
30.217 
40.915 
51.974 
53.715 
55.544 
40.457 
41.154 
44.052 
41.974 
39.559 
40.241 
44.114 
50.975 
52.437 
53.441 
34.041 
52.922 
51.042 
51.131 
51.411 
40.313 
40.521 
44.512 
47.311 
40.972 
40.434 
47.422 
45.431 
44.297 
45.412 
40.005 
40.IU 
44.141 
43.496 
41.044 
30.719 
30.115 
99.122 
44.572 
45.920 
44.221 
44.425 
44.434 
40.254 
40.524 
00.351 
40.052 
00.513 
45.331 
40.394 
43.11,3 
41.930 
43.292 



-10.314 
-1I.7S5 
-2 0.091 
-26.443 
-14.104 

-11.903 
-12.4H 
-20.323 
-0.372 
-0.725 
-0.327 
-5.094 
-4.011 
-5.312 
-4.367 
-3.920 
-1.501 
-5.419 
•2.404 
-1.321 
-1.373 
-2.143 
-0.014 
0.30 5 
0.750 
0.045 
1.443 
4.151 
5.040 
3.05 5 
4.029 
1.415 
1.470 
3.315 
1.907 
5.209 
2.194 
3.030 
0.020 
0.117 
4.504 
5.902 
2.451 
0.473 
2.143 
9.377 
3.707 
3.011 
0.903 
-1.159 
0.401 
•0.134 
•3.012 
•1.355 
0.244 
1.340 
0.574 
1.125 
-2.411 

•4.101 

-2.523 
-3.311 
•3.377 
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121 
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**M 0 
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-14.114 
-24.094 
•1*.T2A 
-15.452 
-15.204 
-14.446 
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-14.433 
-11.952 
-11.929 
-12.403 
•13.921 
-11.421 
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-15.094 
-14.074 
-13.012 
-14.140 
-13.597 
-11.431 
-19.410 
-13.009 
-13. if 9 
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-13.070 
-14.077 
-15.210 
-14.004 
-17.190 
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-13.423 
-13.427 
-13.41$ 
-14. $45 
-14.223 
-12.241 
-14.247 
-14.110 
-11.404 
-2C.025 
-5.010 
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-•.904 
-7.022 
-7.3SS 
-7*001 
-7.021 
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The above structural studies together with the kinetic 
data presented herein and elsewhere (Philipp, M. , et 
al. (1983) Hoi. Cell. Bioeh*™. 52, 5-32; Svendsen, 
2.B. (1976) Carlsber o R es . r.nvm. £± f 237-291; 
Markland;, S.F. Id; stauffe, D.C., et al. (1965) j\ 
Biol. Chem. 244,-5333-5338) indicate that the subsites 
in the binding cleft of subtilisin are capable of 
interacting with substrate amino acid residues from 
P-4 to P-2 • . 



The most extensively studied of the above residues are 
Glyl66, Glyl69 and Alal52 . These amino acids were 
identified as residues within the s-1 subsite. As 
seen in Fig. 3, which is a stereoview of the S-1 
subsite, Glyl66 and Glyl69 occupy positions at the 
15 bottom of the S-1 subsite, whereas Alal52' occupies a 
position near the top of s-1, close to the catalytic 
Ser221. 



All 19 amino acid substitutions of Glyl66 and Glyies 
have been made. As will be indicated in the examples 
which follow, the preferred replacement amino acids 
for Glyiee and/or Glyi69 will depend on the specific 
amino acid occupying the P-l position of a given 
substrate. 

The only substitutions of Alal52 presently made and 
analyzed comprise the replacement of Alal52 with Gly 
and Ser. The results of these substitutions on P-l 
specificity will be presented in the examples. 

In addition to those residues specifically associated 
with specificity for the p-l substrate amino acid, 
Tyrl04 has been identified as being involved with p-4 
specificity. Substitutions at Phel89 and Tyr2l7, 
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however, are expected to respectively effect P-2' and 
F-l 1 specificity. 

The catalytic activity of subtilisin has also been 
modified by single amino acid substitutions at Asnl55. 
The catalytic triad of subtilisin is shown in Fig- 4. 
As can be teen, Ser221, Kis64 and Asp32 are positioned 
to facilitate nucleophilic tttach by the serine 
hydoxylate on the carbonyl of the scissile peptide 
bond. Crystallographic studies of subtilisin 
(Robertus, et a_l- (1372) Biochem. 11, 4293-4303; 
Matthews, et el. (19^5) J. Biol. Chem. 250, 7120-7126; 
Poulos, et ai. (1976) .7. Biol, Ghent . 250 , 1097-1103) 
show that two hydrogen bonds are formed with the 
Dxyanion of the- substrate transition state. One. 
hydrogen bor.d donor is from the catalytic seriner221 
main-chain amide while the other is from one of the 
HE 2 protons o'l the asparagine-155 Bide chain. See 
Fig. 4. 

Asnl55 was substituted with Ala, Asp, His, Glu and 
Thr. These substitutions were made to investigate the 
the stabilization of the charged tetrahedral 
intermediate of the transition state complex by the 
potential hydrogen bond between the side chain of 
Asnl55 and the oxyanion of the intermediate. These 
particular substitutions caused large decreases .in 
substrate turnover, Jccat (200 to 4,000 fold), marginal 
decreases in substrate binding Km (up to 7 fold) f and 
a loss In transition state stabilization energy of 2.2 
to 4.7 3ccal/mol. The retention of Km and the drop in 
fccat will make the*e mutant enzymes useful as binding 
proteins for specific peptide sequences, the nacure of 
which will be determined by the specificity of the 
precursor protease. 
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^tilisin as oo mpa red to wiiT?""* °* **• »*•* 

wild type subtilisin. 

°«*er residues involved ln 

alkaline stebUity B " a : n lln " 0 „ 
Met 222 . Articular .utents " " """ ASpl " and 
»« (all other eaino ac id s) " *> « 
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two residues ar* ,i w , . Tvr2 i- These latter 

1199 and F21. Muta «ts at these residues include 

The amino ac id sequence of B a»vim< * 

" n has alce ««n modified by substiC^ ~^ 

last category comprises muTa^TThich * 
alJcaHne a«-i , which have modified 

20 e and/ or thermal stability. 

The firsr category comprises double au**^ • 
two cysteine residue k w auta nts m which 

j «ne residues have been substituted 
amino acid residu- crated at various 

^lecule Fo l at T P T tl0nS Within subtilisin 
25 ciue. Formation of disulfide bridges be tw Mn +v 

two substituf^ ... x. . ' es between the 

substituted cysteine residues result* 

-?r ,t- ~"" " ~ 

The second cfgotj. of multiple subtil isin Buta + 

comprises mutants which are stable in tht 

various ny^u^ s^acie in the presence of 
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vhich include F50/I124/Q222, P50/I12 F50/Q222 
F50/L124/Q222, I124/Q222 and L124/Q222. F5 ° /Q222 ' 

The third category of multiple subtilisin Butants 
5 -pnses ButantB vith substitut . ons at s 

coined with various substitutions at positions l66 

or 169. These mutants, for PYa ^u 

^i*-*,, ior example, combine th* 

nr oT «. =Peci«= lty c f the various 
10 < \ T s ^«tutions. such multiple autants 

include A166/ A222 , A i 66/C222 , Fl 66/C222 , Xl 66/A222 
X1. V « M . Vl 66/A222 ana V166/CJ22 . 
mutant ^UW... for eXMple , hM , £ 

which is approximately tvo ti»e s greater than that of 
15 the single A222 nutai , t * 

a^trate vith phenylalanine as the ^ Lino alia' 
Thxa category of aultipl. mutant ie emterSM 
detail in Example 12. 



20 



The fourth category of multiple mutants cooblnes 
substitutions at position u . (Glu to 0 or S) vitt the 
T'T??:* *\"^«« 1„. Eit her' rrthet 



^!t e / Utatl ° nS 1W ~ P«^«=e upon 

substrates vith glutamate as the P-i amino acia. JL 



30 



multiple -enzyme mutants perform better than either 
precursor. See Example 9. 

s^ s tit f ?, ° f aUltiple ™ tants contain the 

substitution of up to four amino acids of the B 
WVloliqui-f n Pl# T1B subtilisin seguence. These mutant 
have specific properties which are virtually identicle 
to the properties of the subtilisin from b 
UchendformiB . The subtilisin from S . iichenifor^ 
35 dlffers fro » — * Wloligu^fnr^nw. subtilisin at 87 out 
of 275 amino acids. The multiple mutant 
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F30/tt3«/Il 6 ^ 17w , found to haye 

only three of il T"' Pr ° b * bl * *™ *» 

vhirK stations (S156, A169 and ^ 

b «v« n the s.^nce o f the two Z 

^Ximit^ en^e was convI^T^ ^ S ' 
vith properties ,i ailar to - * int ° an enz W 

» other en Iyi ,es 1" '^ ^tois en,yn„. 

15 V) wi<-h JT substitutions at position 107 ( n e to 

Z g IUi " iiuti °» .<* W at. position «, „ith 

Arg, ,„d the combination of substitution. . 
204 (preferably Se- to c or I. h t , Portion 
r -o acids, „L -Us^i r^^^'t 8 " - 

altered substrate- specificity) •J^V, ^ 

<p»vio USly ^t^ier^' r r t r /A "rr 

; ?^^f^ '^iaisin having properties JUL 

rlcwZx S ' "^^^ - -tent 
so/vi07/R 2 i 3 was constructed based on the observe 

V107/s,t, """ennined that the 

VlOT^w autant.had an i„ cre « e d « 1]caline sta 

es compared to the wild type subtili.in. m tZ 
ITT" T"*' lnC "" ea ««»»»• "tabiUt'y 

^o/v 10 ,« «*il.rly. the ,utant 

rso/ViO,/*.^ hsd an even greater alkaline stability 
es compared to the V1 07 /R2i3 ButllIlt ln d lc , tl!lg ^ 
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mutation was also cumulative. 

Table iv summarizes the multiple mutants which have 
been made including those not mentioned above. 

In addition, based in part on the above results 
substitution at the Allowing residues in subtU s In 
« expected to produce a multiple mutant having 
increased thermal and alkaline . tabi ^ 
HetSO, Ilel07, Glul56, Glyl6tf , clyl6p# ^ 
Clyais, and Tyr2l7. ' Lys213 ' 
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C22/C87 

C24/C87 

V45/V4B 

C49/C94 

C49/C95 

C50/C95 

C50/C110 

F50/I124 

F50/Q222 

I124/Q222 

Q156/D166 

Q156/K166 

Q156/N166 

S156/D166 

S156/K166 

S156/N166 

S156/A169 

A166/A222 

A166/C223 

F166/A222 

F166/C222 

K166/A222 

X166/C222 

V166/A222 

V166/C222 

A169/A222 

A169/A222 

A169/C222 

A21/C22 



Triple, Quadruple 
" g r -gthe r_Multj r io 

FS0/H24/Q222 

^50/Ll24/Q222 

PS0/L124/A222 

A21/C22/C87 

F50/S156/N166/L217 
^50/0156/^66/1217 
r50/S156/Al69/L2 17 

F5o/si56/L2i7 

F50/Q156/K166/L217 
F50/S156/K166/L217 

?"50/Ql56/Kl66/K217 
F50/S156/K166/K217 
F50/V107/R213 

rS153/ S l56/A 1 58/G159/ S l60/.16 1 . 
164/I1 6S/ S2 66/A169/R;L7 

L204/R213 

»M/ao4* r s, c , D , Nf G/ 

V ' R < I. X, T, y, W 

or h 

V107/R213 



*n addition to the *h 
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also considered to be -t^ _^ ^ 

substrate specificity »ZT / *° 

residues is expected * "* " ■ 

expected to produce chancres <« *-v 
subst t e epeciflclty of ^^.""T'J^- 

5 multiple mutations among these moreover, 

„ m „ 1M L*:;., " :r. ? 

this position could also affect th!' ^ " 
. 15 Profile of the mutant ais , PH aCtiVit * 

based on ,• !" re ^e was identified 

eo on ™ inventor's substrate m.i • 
Product inhibitor complexes. ' B ° dellng 

25 S " blndin9 " lte inclufl « «» Leu 126 residue 

to be important to convert subtilisin to .„ 

Th * pH activity -uL a .r:: 

30 "e« identLiTr 1 " 6 SUbStitati °»- — residue 
thT«, inspection of the refined aodel 

the three d^ensional structure fro. .odeXino etudie 

vouid s ^ " *** S " 2 SUbSite - 1-er.fore, Mnling ~- 
35 would be restricted to subsites s-1, S-l'7. S - 2 .., 
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and cleavage would be forr-* * 

* . forced to occur a-u _ 

terminal peptide. after the amino 

Leul35 is i n the c 

alter ^^^^ « £ — 
5 reside Vas identixied ^ ^"j^' 

three-dimensional structure a^ T " ° f the 
Product inhibitor cojiet o, p 222 ^ °" ^ 

In addition to these s <tes 
10 residues within tb* =Pecx.xc amino ac id 

binding. be ^*ved ^ bs important to substrate 
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trough M . MutatiBJ resid C";" e " Si ° UeS P " 4 

««»m , f£ect the BUtstrate "; n ^" tt °" 

smoe the Bain „* • v osl:ra "> "ten ctions , 

not t ;" ° f \ h * SE «*"«.f residues do 

u warn these particular . . 
through s-2 subsites vithin the 

Within the segment 97-103 Glv __ 

stated to alter th. \ ASp " * ay be 

within the se^nt ^J*"**** «* 101-103 
segment. Changes at these 

compatible, however r n I 6 BUSt be 

BUbtilisin Asp99 stablli.es . ttn .f^^^^ 

tertiary fo i ding ^ 

"Bidues ioi- 103 B * the dl "ction of 

unctions in a " subtilisin Asp 97 , 

in an analogous manner. 

In addition to Gly 97 and Asd 93 e. rl01 ,„„ 

Asp99 in B .w.,- * AS f y " -«rloi interacts with 

* h ■ WllCp 3Pf ^ e ^ subtilisin to stabili^ 

the same main chain turn Ai t . M *. stabilize 

should alter the '* ^' ~ ldM 

101-103 mam chain direction. 
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Mutations at Glul03 are also expected to affect the 
101-103 main chain direction. 

The side chain of Glyl02 interacts with the substrate 
P-3 amino acid. side chains of substituted amino 
5 acids thus are expected to significantly affect 
specificity for the P-3 substrate amino acids. 

All the amino acids within the 127-129 segment are 
considered important to substrate specificity. G ly 
10 127 is positioned such that its side chain interacts 
With the S-i and S-3 subsites. Altering this residue 
thus should alter the specificity for P-i and P- 3 
residues of the substrate. 

15 The side chain of Gly 12 8 comprises a part of both the 
S-2 and S-4 subsites. Altered specificity for P- 2 and 
P-4 therefore would be expected upon mutation. 
Moreover, such mutation may convert subtilisin into an 
amino peptidase for. the same reasons substitutions of 

20 Leul26 would be expected to produce that result. 

The Prol29 residue is likely to restrict the 
conformational freedom of the sequence 126-133 
residues which may play a major role in determining 
25 P-l specificity. Replacing Pro may introduce more 
flexibility thereby broadening the range of binding 
capabilities of such mutants. 

The side chain of L ys213 is located within the S-3 
subsite. All of the amino acids within the 213-215 
segment are also considered to be important to 
substrate specificity. Accordingly, altered p- 3 
substrate specificity is expected upon mutation of 
this residue. 



30 



35 



JSDOCID: <EP 02S1446A2_I_> 



30 



-57- 02 51446 

The Tyr2l4 residue do-s < «. 

i. positioned ^ .^'^ Vith «*»tr.t. 

conformation of the h*,-,- ■ - afrsct the 

fle hair ioop 204-217. 

Finally, mutation of the e'«u 
5 the s-3. Bubsite * G : y215 sh ovi d 3ffect 

' ^ thereb ^ alt " specifi city . 

In addition to the above + 
in "ithin the ertenii ; '°" °* ° ne ° r **• «l»o acids 

" .... -^Lr^r-r- — 

residues Bay play . ro * »" « these 
"Sion" ascribes ir I """"Oary cutset 

subtilisi,, inhibitor ' ,. - ° f strs Pt°=yce e 

" Thermitase K has . LS^^ViS: ^ 389 " 413 - 
eliminates several - ^ »9ion, which 

— - * ■^■^r^rr* • =Mtact " 

through 164 is ejected * et ~° n ° f ^sidues 161 

rearrangement i„ this «„„ • "" ty - In «*»ition, a 

-houid .Iter the position of J"*** * ^ 
substrate MndinJ V residu « involved in 

^m, should 9 a' ffe P o r r° ain " tly " ~- in 
; P«teina«ous substrates. OVera " 

4- uucee the following results: 



35 



<EP 0251446A2_L> 



-58- 
TABLE V 



0251446 




- Km kcat/Km 
WT SO 1.4X10" 4 3.6X10 5 

Deletion mutant 8 5.0xl0" 6 1.6xl0 6 



on 



10 



The WT has a kcat 6 times greater than the deleti 
mutant but substrate binding is 28 fold tighter by the 
deletion mutant. The overall efficiency of the 
deletion mutant is thus 4.4 times higher than the WT 
enzyme. 



All of these above identified residues which have yet 
to be substituted, deleted or inserted into are 
15 presented in Table VI. 



TABLE VI 

20 Substi tution/Insertion/Deletion 

Residues 

Bis67 Alal52 

Leul26 Alal53 

Leul35 Glyl54 

G W Asnl55 

25 Asp99 Glyl56 

SerlOl Glyl57 

Glyl02 Glyl60 

Glul03 Thrl58 

Leul26 Serl59 

G1 yl27 Serl61 

Glyl28 Serl62 

Prol29 Serl63 

* vr214 Thrl64 

Gly215 Vall65 

Glyl66 Glyl69 

Tyrl67 Lysl70 

Prol68 Tyrl71 

Prol72 
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representation of emb„ "tended to serve as a 

or emboaiments herein ^ , 

be construed a<; , . . . nereiT1 ' a *<3 should not 

a s limiting the *r<r,~ 
application. T h««. * SCOpe of this 

—action OI oerX f C ^ 

5 mutants. The con" **" "'""fied 

™ construction of the 
however, i s apparent fr™ +>. , -"ants, 

that presented! Tp /Zc^r 7" ^ 

^^ucation No. 0130756. 

*> «i.^: t0 " CltSti0 ' ,S — ^ incorporated by 



EXAMPLE 1 



As shown in Fi 9ures 6A 

oxidants inactivate th. «, * °rjanic peracid 

identification of L! cl d ',. d " c « b « the 
20 mutant subtilisins — .If. in these 

oi"a t ;i 0 : h \rcr i rd/ ci L i er lved <J in — 

conditions (Means, GE " ? Pt ""^ d ""ic 

a~a?~ ^ — 

E-ST-JS an^ ^ "-^^rterl 

Despite quantitative . } as oxidan t. 

=han 5 e i! Tver J"" 0 " °' »° 

-ted as shown i„ Fi ZZ TS7, 
tryptophan was not oLid^ed * """ting that 
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Analysis (c. Birr ed. ) Elsevier, New Vork, p. 309. 
The absence of tryptophan modification implied 
oxidation of one or more of the remaining methionines 
° f MylolicmefaciPn* subtilisin. See Figure 1. 

To confirm this result the recombinant subtilisin 
Met222F was cleaved with cyanogen bromide (CNBr) both 
before and after oxidation by DPDA. The peptides 
produced by CNBr cleavage were analyzed on high 
resolution SDS-pyridine peptide gels (SPG). 

Subtilisin Met222F (F222) was oxidized in the 
following manner. Purified F222 was resuspended in 
0.1 N sodium borate pH 9.5 at 10 mg/ml and was added 
to a final concentration of 26 diperdodecanoic acid 
(DPDA) at 26 mg/ml was added to produce an effective 
active oxygen concentration of 30 ppm. The sample was 
mcubated for at least 30 minutes at room temperature 
and then quenched with 0.1 volume of 1 M Tris pH 8.6 
buffer to produce a final concentration of 0.1 M Tris 
pH 8.6). 3mM phenylmethylsulf onyl fluoride (PMSF) was ' 
added and 2.5 ml of the sample was applied to a 
Pharmacia PD10 column equilibrated in 10 mM sodium 
Phosphate P H 6.2, 1 mM PMS F. 3.5 ml of 10 mM sodium 
phosphate pH6.2, ImM PMSF was applied and the eluant 
collected. 
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F222 and DPDA oxidized F222 were precipitated with 9 
volumes of acetone at -20'C. The samples were 
resuspended at 10 mg/ml in 8M urea in 88% formic acid 
and allowed to sit for 5 minutes. An equal volume of 
200 mg/ml CNBr in 88% formic acid was added (5 mg/ml 
protein) and the samples incubated for 2 hours at room 
temperature in the dark. Prior to gel 

electrophoresis, the samples were lyophilized and 
resuspended at 2-5 mg/ml in sample buffer (1% 
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pyridine, 5% NaDodSO si -i. 

blur) and „ { • 4 ' glycerol and broiDophenoi 

blue, and ^associated at 95 *C f or 3 minutes. 

The samples vere electrophoresed on „ • 
PolyacryWde gels * 7' °" d — tmuous 

Anal^Bioc^ 133 515-522, 1" ^ U983) 

^~^^L. 9els were stained 

y we Pharmacia silver cfil ,' • 
(Savons. et 5l n9 teChni ^ e 

135-141,. " e-tetroa. n r..i. 2 



10 The results of this experiment are shown i„ Figure , 

As can be s^en „_ ^j-^ure « . 

resolved bands' on sp"" CKBr 

QS on SPG - However, wh-=n 5 ,■ 

treated with DPDA prior to deavage, band s X " ! 
^sappear whereas bands 5 and « are g "at<y in' 1 
15 in intensity. g^eat.y increased 

In order to determine which • v 

effects w rhe methionines were 

buffer system in both Solvent A 1«„„. , 

» Organic) for. all HPLC ' a gueous) and Solvent 

fH „ t , . 1 =ii HPLC separations was 0 05s 

^ethyla^e/trifloroacetic acid (TEA— TFH) In " , 
cases unleeo , ' * In 311 

2S TEA-TFA in h ^ solvent A consisted of o.OS. 

in H 2 0, solvent B was 0.05S TEA-TFA ,„ 
1-P-panol. and the tlM rat e was ml/ „™™ " 

HPLC analysis, two injections of l „„ 
digest were used. Three S J 9 
30 Precipitated, washed and dri T L "Z^T™ 
were resuspended at 10 „ g/I »l ,1 8 7u r ea 1 £ 

incubation for 2 hours i ' 'T^* " 
5 mature, the sa^re^d T, o.^'H 
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cm column of Tris Acrvl rvna 

is Acryl GF05 coarse resin (IBF, P ar i s 
France) equilibrated with AQl ' 

A- 200 ul sa^es were applied at fl , 

a minute and 1 o-l 2 -I " te ° f 1 ml 

a . , LO-1.2 ml collected by monitoring the 

absorbance at 280n m . Prior to injection ^ 9 the 

Lent 65 ; 1 '" sample was diiuted ^ T"; • 

solvent A . The sajnples were injected 1 
-nutes, and the flow then adjusted to 0 5 ml/ 

"l ot B/m a ."»»*— * «~« gradient to 60, B 

=t 1.0% B/mm was initiated. From each 1 m, run th 
FooUa pea.cs were sa.plea (50 ul, Md analysed "y " 
electrophoresis as aescribea above. 9 

Sach 1 ide isolatea fcy reversea 

further analyzed for homogeneity by SPS Th. 

o, each peptide, on the known gene sequence dwells" 

vas obtained through a combination of" amino acid 
compositional analysis and, where needeT 
terminal sequencing. mim> 

^mrgrph";;. 1 "" — <° 

1. CKBr peptiaes from F2 22 not treated with DPM , 



Peptide 5 was subjected to two additional reversed 
Phase separations. The 10 cm c4 „ lrma 
equilibrated to 80%fl/ 20%B 

y "run, this time on the 25 cm ca 
column, ana employing 0 .0S« tea-tfa 
«etonitrile/l-pro P anol ,1=1, for Eolvent B _ " 
gradient was identical to the one Jnst described 



JSDOCID: <EP_0251446A2_L> 



-63- 02 

Peptide -x- was subjected to one additional separation 
after the initial chromatography. The sample was 
applied and washed for 2 minutes at 0.5na/»i„ (100IA), 
anc a 0.5% ml B/min gradient was initiated. 

5 Peptides 7 and 9 were rechromatographed in a similar 
manner to the first rerun of peptide 5. 

Peptide 8 was purified to homogeneity after the 
initial separation. 



10 



2. CKBr Peptides from DPDA Oxidized F222: 



Peptides 5 and 6 from a CKBr digest of the oxidized 
F222 were purified in the same manner as peptide 5 
15 froir ' the untreated enzyme. 

Amino acid compositional analysis was obtained as 
follows. Samples (-InK each amino acid) were dried 
hydrolyzed in vacuo with 100 ul 6N HC1 at 106-C for 24 
20 hours and then dried in a Speed Vac. The samples were 
analyzed on a Beckmann 6300 AA analyzer employing 
nmhydrin detection. 

Amino terminal sequence data was obtained as 
25 previously described (Rodriguez, H. , et al. (1984) 
Anal. B iochem. 134 , 538-547) . 

The results are shown in Table Vll and Figure 9. 

30 
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TABLE VTT 

Amino and COOH terminal of CNBr fragnents 
Terminus and Method 



02£ 



Fragment 

X 
9 
7 
8 

Box 
6 OX 



amino, method 

1, sequence 
51, sequence 
125, sequence 

200, sequence 

1, sequence 

12 0, composition 



COOH. method 

50, composition 
119, composition 
199, composition 

2 75, composition 
119, composition 
199, composition 



Peptides Sox and 6ox refer to peptides 5 and 6 
isolated from CNBr digests of the oxidized protein 
where their respective levels are enhanced. 

From the data in Table VII and the comparison of SPG 
tracks for the oxidized and native protein digests in 
Figure 8, it is apparent that (1) M et50 is oxidized 
leading to the loss of peptides X and 9 and the 
appearance of 5; and (2) Metl24 is also oxidized 
leading to the loss of peptide 7 and the accumulation 
of peptide 6. Thus oxidation of g. ^vloli^^.ripnc 
subtilisin with the peracid, diperdocecanoic acid 
leads to the specific oxidation of methionine at 
residues 50 and 124. 



EXAMPLE 2 

Substitution at Met50 and Metl24 
in Subtilisin Met2220 

The choice of amino acid for substitution at MetSO * 
based on the available sequence data for subtilisi 
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from £• U^nifosnis (smith r e 

1537 ' 1540) - — * ^S^^SrlfT^^ ^ 

al - (1967) J darkled, r . s et 

™^ it^fr^ T 519e - 52iij «- *• 

ln a 'll (1984) ^-^eriol, 

Phenyl a i anine . See Fi^"^' P° siti °« SO is a 
chosen for construction. ' Therefore < Pheso v as 

At position 224 all v 

*• determine the BOEt ther «°" "Suired 

substitution. - Proa , all ^** bl " «-««t M for 
leucine were chosen t " ""^""Z ^«-ci„e and 
I" «aer to test whether or no! "TT t0 
^te but not both was su„ ic Lnt to i C " l0n " "» 
stability, all possible . """" °*id«iv. 

AH manipulations f or CasB ^ 

carried out on rau * ~° seire ^agenesis 

were 

auction c„ 075 rr „m r ciose * * ep ° 

SMS J*. 315-333. The pa50 ^ 3 -»- (1985, 

stations was produced usinl tT ^ 10 ' " ne *• 
•h— i» M,. ao , Une U "" 9 *»* ""genesis priaer 

designated as restrict/* M P 1 °J"* « •ppro.eh 

Scribed below. S^T^™"" is 
the subtilism gene m„! " " * """^^ 

heteroduplev synthesis' ,*d ^ T — *~ 

»•«> . the i.s «, ^ "^;zz ? mm (ATcc 

- S5HI fra ^ent containing the 
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subtile gene was subcloned ,ro» H13apll S „ BT 
int. . recipient vector fragment of pBS4 2 the 
construction of which is described in *po Publication 
Ho. 01,073,. To enrich for the „ t . Bt seg uence £™ 
line 4, the resulting pl.s.id pool _ „ * £ 

SOI. «* l lne ar aolecules were puri f ie(3 

polyacryla^de gel electrophoresis. Li „ear molecules 
were llg ated bac* to . circul „ ^ ^ 

Wto £. coli HH294 cells ( ATCC 31ue) _ 

plasBids were screened by restriction „„., • ISOl! " :ea 

v - , y restriction analysis for the 

JSEBI »f. plas-ids were ..^nced ^ 

conned the p i5 o seguence. ABt eri s)te £ "gle " 
»d«.t. the bases that ere stated fr M the Z type 

17"'"? 4 '- Pi5 ° (lin ' <> «» «* with s£ 
and a^a and the o.s Ko fragment containing the~. 
half of the subtilisin gene was purified (fragment if 
P450 (line <) was digested with jt™t '""a 16 " D- 

4 „ , 9 ° Vlth 2221 " n,J EESRI and the 

4.0 Kb fragment containing the 3- half of the 
subtu^n gene and vector seguenc.s was purified 
(fragment . FragD ents 1 and 2 ( llne „ , J ~ 

DNA cassettes coding for stations desired (shLd 
sequence, lin. ., w . re Bljc . fl ^ . ^ 

1.1 10 respectively. F or the particular construction 
of this exa„ P le tne DNA cassette contained the triplet 
rTT for codon 50 which encodes Phe. This plas^id was 
£ ignated P r S 0. The mutant subtilisin was designated 
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B. 



Construction of Mutation 

Between Codor.fi \22 and -\->n 



The procedure of Example 2A was foliowed i n 
substantial detai! except that the aut.geneeis priaer 
of ragure U , llne 7 w ,s used and restriction- 
purification for the EcoRV site in pa i 2 « v .s used. In 
addition, the DNA cassette (shaded sequence, F1 gure 



<EP 0251446A2J_> 



02 si 



11 1m. 6, centred the triplet w for 
Vhxch encode, M . . nd CTT for x«. Theee 

vhlch centred the substitution of lie for Be * a2 < U ere 
desalted W1J4 . The Mtant subt « 
designated 1124. vas 



C Construction of Various 

F50/li2Vo??-> Multip le m+mi.- 

The triple autant, F50/I124/Q222 , vas constructed from 

n e th :r;r ^r 1 ^ 1 : vhich each — — 

1 rhe ^ree nutations. The Bind. „ _ 
(P02221 ~ single mutant Q 222 

(PQ222) was prepared by cassette mutagenesis as 

fragment from pQ 222 . The * aKftXX 

^ n f . conflraed tte construction _ «° 

? v * ° «~t™tl« It was convenient that £ 
iSKI .it. at position 798 i„ the vild-type subtil 

and Ila4/MM ButintB constructea 

r;""™" thSt thS »PP«Priate fra^ent 

froa p S 4. 5 was used for the final construction. 



D. 



Oxidate BfbiHty ^ n,,, niltnm 



The above autants were analyzed for stability to 
peracid oxidation. As shown ln Fig ^ 

oxidant 75PPH0J,, both tt . i 124/Q222 and 5/ th ; 
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:zt 0222 are '-"-tea. ni s at t 

is lr f T . " * M6t124 t0 1124 ln -*ti».i» «22 
ifl n"" ent " C ° nfer - — c p. r .° c " 



EXAMPLE 



10 sS^tJa?^ S i! Ut -^ S . Hav:in 5 Altered 
.Substitutions at Ppci^, qs ^ 

Subtilisin contains an extended binding cleft whi^ • 
hyd-pbobic in character . A H 

» ^"L 1 ? vas repiaced with tveive - in a : 

i n;" Pr ° jeCt th6ir ^to th. S-T 

^Te^ect oVT^ 18 ; 6 " C — to deterge 
th! wl- . SiZe and ^ophobicity on 

the binding of various substrates. 



20 



25 



30 



35 



H^ina fi? r »y drol ysis of Substrates 
Subtilisin from R A»vi»i < T .- fnr f n , 

cul'tuT 6 BUttiliSin VaS — b, 

culture supernatant* expressing the S . ^ V ^~I 

subtilisin gene (Wells, j. A . f ^^tl^Ti) 

Nuclei Vr . 7911-7025, . 

described (Estell da *. V Previously 

160, 6518-6521). Details of the synthesis of 

tetrapeptide substrates having * 

succin y l-L- A l aL - AlaL .p roL . [XJ . p ^. troanii 

is the Pi aaino acid) ttre described I he " 

^ *1. ("79, ^al^M^ ££ f 31^320. iinetic 

a9B5 , tt" curve anaiysis fEstei1 ' D ' A - ^ L. 

^oU^he^^, 6518-6521,. Briefly, plots ' 
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of rate versus product conception uere fit to the 
d lff ere B t lal tOTm of the rate ■» 

~ IS """°" -Igoritta. Errors r„ kc at"a„d 

K. for al! va lu es reported are less than five 

The varrous substrate. in Table VIII m raBged 

" 'se t , Ch "' — ' "»-»"' T «^ra c. 
uy/B) Science 200, 1012). 



10 TABLE VIII 



25 



PI substrate Jccat/Km 
- Ami "° ACid fccatCS" 1 ) l/KmtM- 1 ) (s .l„. :) 



15 Phe 50 7 , 100 

Tyr 28 



Leu 24 
Met 13 



360, 000 
40,000 1,100,000 



His 
Ala 



7 -9 1,600 

20 Axa 1.9 5,500 



3,100 75,000 
9/400 120,000 



13,000 
11,000 



°-003 8,300 21 

7,100 



Gin 
Ser 
Glu 



3 - 2 2,200 
2 «8 1,500 
0.54 3 2 



4,200 
16 



The ratio of fccat/Kn, (also referred to as catalytic 
effxcaenty, is the apparent second order rate constant 
for the conversion of free enzyme plus substrate (E +S , 
3o to eni,* plus products < E+ P, ( Je ncks, W.P., Catalysis 
y Chemxstry and Enzy w ^y (McGraw-Hill, 1969, V 
321-436; Fersht, A., Enzyme st» R ^ and ^h.^,; 
Freeman San Francisco, 1977, pp. 226-287). The lo~ s 
(kcat/Km) ls proportional to transition state binding 
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energy, ag£. a plot of the log fccat/Km versus the 
hydrophobics of the PI side-chain (Figure 14) shows 
a strong correlation (r -o.98), with the exception of 
the glycine substrate which shows evidence for 
s non-productive binding. These data show that relative 
differences between transition-state binding energies 
can be accounted for by differences in P _! side-chain 
hydrophobics . When the transition-state binding 
energies are calculated for these substrates and 
io Plotted versus their respective side-chain 
hydrophobicities, the line slope is 1. 2 (not shown) . 
A slope greater than unity, as is also the case for 

chymotrypsin (Fersht, a., Ensvme ^ 

Mechazusm (Freeman, San Francisco, 1977) pp. 226 - 28 7 . 
is Harper, j.w. , et al. (i 984 ) B^chemistry, 23 ' 
2995-3002), suggests that the PI binding cleft is mo7e 
hydrophobic than ethanol or dioxane solvents that were 
used to empirically determine the hydrophobicity of 
amino acids (NozaJci, Y. , et a_l. J. Blo1 . ^ 
2q 146, 2211-2217; Tanford, C. (1978) Science 20fi, 1012) . 

For amide hydrolysis by subtilisin, .Jccat can be 
interpreted as the- acylation rate constant and Km as 
the dissociation constant, for the Michaelis complex 
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• ."-uowis complex 

(E-S), Ks. Gutfreund, H. , et al (1956) Bioche^. .T 63 
656. The fact that the log Jccat, as well as log i/k^' 
correlates with substrate hydrophobicity is consistent 
with proposals (Robertus, j. D ., et al. (i 9 7 2 ) 
Biochemistry H, 24 39-2449; Robertus, j. D ., £t al 
(1972) Biochemistry 21, 4293-4303) that during the 
acylation step the P-i side-chain moves deeper into 
the hydrophobic cleft as the substrate advances from 
the Michaelis complex (E-S) to the tetrahedral 
transition-state complex (E-S*). However, these data 
can also be interpreted as the hydrophobicity of the 
PI side-chain effecting the orientation, and thus the 
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susceptibility of the scissile peptide bond to 
nucleophilic attack by the hydroxy! group o£ the 
catalytic Ser221. 

_. of kcat/Kn on « c hain 



-P-ae.ee of kcat/Km on P-i eide chain 
hydrophobicity suggested that the . 3ccat/Km for 
hydrophobic substrates may be increased by increasing 
the hydrophobics of the s-l binding subsite. J 
test this hypothesis, hydrophobic 
substitutions of Glyiee vere produced. 



To 

amino acid 



»„ tydrophoblcity of allphatic , ide . chaiM 
^rectly proportional to side-chain surface area 

BU 21. 3-.2S-3.27>. increasing the hydrophobicity i„ 
the s-1 subsite .ay also sterically hinder binding of 
larger substrates. Because of difficulties in 
Pr.aict.ng the relative importance of these tvo 
opposing effects, ve elected to generate twelve 
non-chargea stations at position i M to determine the 
resulting specificities against non-charged substrates 
or varied size and hydrophobicity. 

B. Cassette Mutagenesis of 

the PI B inding cleft 

The preparation of mutant subtilises containing the 
Bubstatution of the hydrophobic amino acids Ala, Val 
and Phe into residue 166 has been described in EPO 
Publacataon No. 0130756. The same method was used to 
produce the remaining hydrophobic mutants at residue 
166. In applying this method, two unique and silent 
restriction sites were introduced in the subtilisin 
genes to closely flank the target codon 166. As can 
be seen in Figure 13, the wild type sequence (line 1) 
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was altered by site-directed mutagenesis in M13 using 
the indicated 37mer mutagenesis primer, to introduce a 
13 bp delection (dashedline) and unique SacI and Xmai 
sates (underlined sequences) that closely flank codon 
166. The subtilisin gene fragment was subcloned back 
into the E. coli - b. subtil is shuttle plasmid, pBS42 
giving the plasmid p A i 6 6 (Figure i 3/ line 2). p^iee 
was cut open with SacI and £nal, and gapped linear 
molecules were purified (Figure 13, line 3). Pools of 
synthetic oligonucleotides containing the mutation of 
interest were annealed to give duplex DNA cassettes 
that were ligated into gapped pal66 (underlined and 
overlmed sequences in Figure 13, 1±n . 4) . This 
construction restored the coding sequence except over 

position 166 (NNN; line 4). Mutant sequences were 
confirmed by dideoxy sequencing. Asterisks denote 

sequence changes from the wild type sequence. 

Plasmids containing each mutant £. amvloli^^,. 

subtilisin gene were expressed at roughly equivalent 

levels in a protease deficient strain of B. subjtilis 

BG2036 as previously described. Epo Publication No.' 

0130756; Vang, „. , ^ ^ (1984) j. Bae ^,^ 

13-21, Zrt.ll, D.A.-, et al (1985, J. Biol. r»., 260 [ 
6518-6521. ~ ' 



C. 



Narrowing Substrate Specificity 
bv Steri p Hindrance * 



30 



To probe the change in substrate specificity caused by 
steric alterations in the s-l subsite, position 166 
mutants were kinetically analyzed versus Pi substrates 
of increasing size (i.e., Ala, Met, Phe and Tyr) 
Ratios of kcat/Km are presented in log form in 
Figure 15 to allow direct comparisons of transition- 
state binding energies between various enzyme- 
35 substrate pairs. 
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According to transition state the0 ry, the free enery 
difference between the free enzyme p i us substrate 

* S) and the transition state complex (E-S*) can be 
calculated from equation (1) , 

5 & -£ 

(1) G T «= -rt In kcat/Km + rt In kT/h 

Mic h r e l Ch 18 tUrn ° Ver ** iE the 

Michaels constant, R is the gas constant, T is the 

temperature, k is Boltzmann's constant, and h is 

10 Planck's constant. Specificity differences are 

ezpressed quantitatively as differences between 

trans ltl on state binding energies (i.e., W } , and 

can be calculated from equation (2). 

G T " - RT ln Ckcat/Km) A / (kcat/Km) B 
A and B represent either two different substrates 



20 



30 



assayed againt the same enzyme, or two mutant enzymes 
assayed against the same substrate. 



As can be seen from Figure 15A, as the size of the 
side-chain at position 166 increases the substrate 
pref erence shifts from large to small P-l side-chains. 

kcat/K^! T Side " Chain at * ositi - "6 causes 
25 kcat/Km to decrease in proportion to the size of the 

P-l substrate side-chain (e.g., from Glyi66 
(wxld-type) through W166, the kcat/Km for the Tyr 
substrate is decreased most followed in order by the 
K*e, Met and Ala p-i substrates) . 



Specxf.c steric changes i„ the position 166 
side-chain, such as he presence of a /S-hydroxyl group, 
P- or 7 -aliphatic branching, cause large decreases in 
kcat/Km for larger Pi substrates. Introducing a 
35 /3-hydroxyl group in going from A166 (Figure ISA) to 
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S166 (Figure 15B) , causes an 8 fold and 4 fold 
reduction in kcat/Km for Phe and Tyr substrates, 
respectively, while the values for Ala and Met 
substrates are unchanged. Producing a ^-branched 
structure, in going from SI 66 to T16 6, results in a 
drop of 14 and 4 fold in kcat/Km for Phe and Tyr, 
respectively. These differences are slightly 
magnified for V166 which is slightly larger and 
isosteric with T166. Enlarging the ^-branched 
substituents from V166 to 1166 causes a lowering of 
kcat/Xm between two and six fold toward Met, Phe and 
Tyr substrates. Inserting a 7 -branched structure, by 
replacing M166 (Figure 15A) with L166 (Figure 15B) , 
produces a 5 fold and 18 fold decrease in kcat/Km for 
Phe and Tyr substrates, respectively. Aliphatic 
-r -branched appears to induce less steric hindrance 
toward the Phe P-i substrate than £ -branching, as 
evidenced by the 100 fold decrease in kcat/Km for the 
Phe substrate in going from L166 to 1166. 



Reductions in kcat/Km resulting from increases in side 
chain size in the S-l subsite, or specific structural 
features such as fi- and 7 -branching, are quantita- 
tively illustrated in Figure 16. The kcat/Km values 
for the position 166 mutants determined for the Ala, 
Met, Phe, and Tyr p-i substrates (top panel through 
bottom panel, respectively), are plotted versus the 
position 166 side-chain volumes (Chothia, C. (1984) 
Ann. Rev. Biochem. £3, 537-572) . Catalytic efficiency 
for the Ala substrate xeaches a maximum for 1166, and 
for the Met substrate it reaches a. maximum between 
V166 and L166. The Phe substrate shows a broad 
kcat/Km peak but is optimal with A166. Here, the 
^-branched position 166 substitutions form a line that 
is parallel to, but roughly 50 fold lower in kcat/Km 
35 than side-chains of similar size [i.e., C166 versus 
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T166, L166 versus 11661 Th«> m. 

efficiently utili2ed by wild tv.^ ^ " Mt 

there is a steady 6 J r ^ ^ . 

position 166 Bi * e : c 2Z r proceeds to iar * e 

.-branched substitution T ^"-hed and 

the other Z T * P&ra11 ^ below 

other non-charged substitutions of sifflila7 . 
molecular volume. similar 

The optimal substitution at position 166 d * 

volume with 4n™ • n 156 ^creases in 

...... m^r".r„r,'r s ~ " ~— - 

substrate Al66/ ° * OPti,nal P&irs < «yi«6/iyr 

V166^et ^uts tra f 6 substrate, 
*/Met substrate, and 1166/Ala substrate «/ 

combined volumes are 266,295,313,339 and 26 'l T 
respectively. Subtracting the volume of L"' 
backbone from each pair (i e two + • P^ptade 
glycine^ , ' tlmes tte volume of 

glycine) , an average side-chain volume of 160+32*3 * 
Productive binding can be calculated. 

The effect of volume, in excess t D +>, 

binding volume on . " * product ive 

* fit line draw * to all the data |r s o 87^ „• 

liz\ in r tin9 a io - oi 

volT 3 bin<llI,9 eMr9y *~ »°* 3 of excess 
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D. Enhanced Catalytic Efficiency 

Correlates with Increasing Hydrophobicity 
of t he Position 166 SubEtit-ivUnn 



Substantial increases in kcat/Km occur with 
enlargement of the position 166 side-chain, except for 
5 the Tyr P-l substrate (Figure 16). For example, 
kcat/Km increases in progressing from Glyl66 to 116 6 
for the Ala substrate (net of ten-fold), from Glyiee 
to L166 for the Met substrate (net of ten-fold) and 
from Glyl66 to A166 for the Phe substrate (net of 
10 two-fold). The increases in kcat/Km cannot be 
entirely explained by the attractive terms in the van 
der Waals potential energy function because of their 
strong distance dependence (l/r 6 ) and because of the 
weak nature of these attractive forces (Jencks, W.P., 
15 . Catalysis in Chemjstrv and Enzymmngy (McGraw-Hill 
1969) pp. 321-436; Fersht, A. , Enzvme St^ctur* 
Mechanism (Freeman, San Francisco, 1977) pp. 226-287; 
Levitt, M. (1976) J. Mol . m»i ±04, 59-107). For 
example, Levitt (Levitt, M. (1976) J. Mel. m»i 104, 
20 59-107) has calculated that the van der Waals 
attraction between two methionyl residues would 
produce a maximal interaction energy of roughly -0.2 
kcal/mol. This energy would translate to only 1.4 
fold increase in kcat/Km. 



The increases of catalytic efficiency caused by 
side-chain substitutions at position 166 are better 
accounted for by increases in the hydrophobicity of 
the S-i subsite. The increase kcat/Xm observed for 

30 the Ala and Met substrates with increasing position 
166 side-chain size would be expected, because 
hydrophobicity is roughly proportional to side-chain 
surface area (Rose, G.D., et ai. (i 98 5) Science 229 f 
834-838; Reynolds, J. A. , et ai. (i 97 4) Proc. K«+i 

35 Acad. Sci . nst 7 ?| 2825-2927). 
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pother example that can be interpreted as a 

ie -»r is — » — lavr.c 

Buch as S166 and C166 (F lgure 16 , . cy.t-i*. 
S =°»="erably Bore hydrophobic than serine Ti t 

+0.3 kcaa/Bol, (Nozefci, v., «T,T,, " 
M1I- 2217| ^.tt, 

with the observation that rifis v ^relates 
1„ relative to S erl 66 as the ^"^^ 
substrates increases (i.e T*l7T£ ^ °* ^ 
Steric hindrance cannot '^.in tbes ^ " 

because serine is considerably seller V """ 3 
(99 versus X1M 3, . Paul , ^ «»■*•*« 

" W pp ixi^ ' W " ey Int ™ ci — vor*. 



20 *' S£2l|^!ln^I£iy2^! 

lar g e" c ;r«s tl r ^""^ Ocularly „.n ttat 
alSrin^S \ e P«=«i=ity can be produced by 
altering the. structure and hydrophobiclty of the s-1 
subsite by a single nutation (PiffHre * 61 

25 through the M all hydrophobic Zs£L 7T " 
■pecificity improvement over vild t^ l " 
Val substrate ,« fo ld in *cat/™ ! *" *"* 

•M. chain size increases ^ ' k *"* Buk " r «« 
to near U nit„ lncreM£E < these enhancements shrink 
o near unity (i.e., Le U and His substrat 

30 i^irj^r' poorer aaainst iara ~ 

^ °* ln ««=">9 *i« (e.g., Ia „ lB ov . r 

«y 6) „rr t a9ain " ^ ^ SUbst »te than is 
«y"«). We interpret the increase in catalytic 
.« cxency toward the saall hydrophobic substrates f or 
3S lies compared to siyi ss to «» 9rMter hV(Srophoblclty 
«* i-oauecine (i.e., -i. e ^ 1/KBl versu / 0) / 
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Y " **' ( 1971 ) J- Biol. Chem. 246, 2211-2217- 

Tanford, C. (1978) Science 200, 1012. The decrease in 
catalytic efficiency toward the very large substrates 
for 1166 versus Glyl66 is attributed to steric 
repulsion. 

5 

The specificity differences between Glyl66 and H66 
are similar to the specificity differences between 
chymotrypsin and the evolutionary xelative, elastase 
(Harper, j. W . r et ai (i 984 , 23 
10 2995-3002). m elastase, the bul)cy amino acids, Th"r 
and Val, block access to the P-i binding site for 
large hydrophobic substrates that are preferred by 
chymotrypsin. m addition, the catalytic efficiencies 
toward small hydrophobic substrates are greater for 
elastase than for chymotrypsin as ve obeseve for 1166 
versus Glyi66 in subtilisin. 



15 



EXAMPLE 4 

20 Substitution of Ionic Amino 
Acids f or Glyisfi . 

The construction- of subtilisin mutants containing the 
substitution of the ionic amino acids Asp, Asn, Gin, 
I*s and Ang are disclosed in EP0 Publication No. 
0130756. The present example describes the 
construction of the mutant subtilisin containing Glu 
at position 166 (E166) and presents substrate 
specificity data on these mutants. Further, data on 
.position 166 and 156 single and double mutants is 
presented infra . 

PA166, described in Example 3, was digested with SacI 
and Xmal. The double strand DKA cassette (underlined 
and overlined) of line 4 in Figure 13 contained the 
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triplet GAA for the code i 66 to 
replacement of oiu for clyl 6 6 t • * *"* 

The results of this analysis m-r* „k 

analysis are shown in Table IX. 



IS 



TABLE TV 
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POSitiftr. 1« 

Gly (wild type) 
Asp (D) 
Glu (E) 
Asn (N) 
Gin (Q) 

i»ys (K) 



P-l Sti bstrai-e 

(kcat/Km x lo" 4 ) 



Phe 


Ala 


_ Glu 


36.0 


1.4 


0. 002 


0.5 


0.4 


<0.001 


3.5 


0.4 


<0.001 


18.0 


1.2 


0.004 


57.0 


2.6 


0.002 


52.0 


2.8 


1.2 


42.0 


5.0 


0.08 



These results indicate that ^» 

30 K r,K e 4-,'-.„4.. . cha *ged amino acid 

substitutions at Glvies . 

* . »»J-yi66 have improved catalvtic 
eiriciencies Occat/KTin 



35 



substitutions at Glyi 66 have iaproved 

subst,, :ieB (ICCaVKni) f ° r °PP° s ^ely charge'd P -i 
substrates (as »uch as 500 fold, and poorer cltalyt 
efficiency for like charged P-i substrates. 



1C 
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The substitution of Glyl69 in p. 
„ subtilisin with Ala * a , *" ^^^^auef^iens 
5 Plication Ko 0130V The^V^^ * « 

substituent aai no acids for posit±on l6 ^ n9 &11 ° th ~ 

10 The construction protocol is solarized in Figure 18 

ca SS e 0 t V t e e r s SCOred , ^ Und ™ ed ^ran^ bk A 

e^a " C ° ntained the triplet 

encoding the substitution of th. 4^- ^ „ P " 

at residue 169 indicated amino acid 
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GCT 


A 


ATG 




M 


TGT 


C 


AAC 




N 


GAT 


D 


CCT 


P 


GAA 


£ 


CAA 






Q 


TTC 


F 


AGA 




R 


GGC 


G 


AGC 






S 


CAC 


H 


ACA 






T 


ATC 


I 


GTT 




V 


AAA 


K 


TGG 


K 


CTT 


L 


TAC 


y 



was LT l: — fl-l-. . sub.titut.a 01yl69 

ST aCid ' »» «*tlllrt» vera 

3o simaairiy designated. 

«re°' ^ ab ; V V ut «* «« .1... 

^L,, * *° r "*■*»*• specificity a,.^; 



| 
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Positl'rm 

Gly (wild type) 

A169 

S169 



p-1 


Substrate 


fXcat/Kra 


X 10~ 4 ) 


Phe 


Leu 


Ala 


Arg 


40 


10 


1 


0.4 


12 0 


20 


1 


0.9 


50 


10 


1 


0.6 



-:~r s £: 6 rrr that — — ~ a. ana 

efficiencies ! ga ^ ^ catalytic 

" spared to the.r ° f ^ Urates 

P-l specificity subsite. ° tt0a ° f the 
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EXAMPT.t: c 
g ^mutio J1 _atj e>5itjf , n lft , 

"yrl04 has been substituted with Ala His , 

and ser. The ' 1S ' Leu ' Met 

Bit. direct^ ^! W " ' aoai "«« on OI the 

the uni^e Bite f ^utT t T'f ^ 

the .utant „^e»„ ^ " "* t 1SOl " ion ° f 

used to obtain position io< mutants. 
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The following triplets were used in the primers of 

Figure 19, line 5 for the 104 codon which substituted 
the following amino acids. 



10 



GCT 


A 




r* 

X 


ATG 


M 


CCT 


P 


CTT 


L 


ACA 


T 


AGC 


S 


TGG 


W 


CAC 


H 


TAC 


y 


CAA 


Q 


GTT 


V 


GAA 


E 


AGA 


R 


GGC 


G 


AAC 


N 


ATC 


I 


GAT 


D 


AAA 


K 


TGT 


c 
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The substrates in Table XI were used to analyze the 
substrate specificity of these mutants. The results 
obtained fo HI 04 subtilisin are shown in Table XI ' 
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TABLE XI 



keat 



Km 



25 



Kcat/Km 



Substrate 


WT 


H104 


WT 


H104 


WT 


H104 


sAAPFpNA 


50.0 


22.0 


1.4xl0~ 4 


7.1xl0~ 4 


3.6xl0 5 


3.1xl0 4 


sAAPApNA 


3.2 


2.0 


2.3xl0" 4 


1.9X10" 3 


1.4xl0 4 


lxlO 3 


sFAPFpNA 


26.0 


38.0 


1.8xl0~ 4 


4.1xlO -4 


1.5xl0 5 


9.1xl0 4 


sFAPApNA 


0.32 


2.4 


7.3xl0" 5 


l.SxlO" 4 


4.4xl0 3 


1.6xl0 4 
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From these data it is clear that the substitution of 
His for Tyr at position 104 produces an enzyme which 
is more efficient (higher kcat/Km) when Phe is at the 
P-4 substrate position than when Ala is at the P-4 
substrate position. 
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Alal52 has been substituted by « v 
5 determine the effect of . * to 

substrate specific^ cn 

■if. Other mutant primerf 7s had I *»* 
"132, line 5 an, GisT [tit 6690611066 ^ 
SMI site away and LI + ' the nev 

the restriction 1^ T ^ is ° lated «i»g 

uustra tes containing the P-i 
Plie, Leu and Ala «», . amino acids 

AJ-a are shown in Table XII 



TABLE y f t 
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30 



Positi on 
Gly ( G ) 

Ala (wild type) 
Ser (S) 



Phe 

0.2 
40.0 
1.0 



(Jccat/KmxlO 



-4, 



_ Leu 

0.4 
10.0 
0.5 



Ala 

<0.04 
1.0 
0.2 
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replacement of Alal52 «<f», «. 
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across all B ubstrates tested. This suggests Alal52 
at the top of the s-1 subsite, may be the optimal 
ammo acid because Ser and Gly are homologous Ala 
substitutes. 



EXAMPLE r 



Mutants containing the substitution of Ser and Gin for 
G1U156 have been constructed according to the overall 
method depicted in Figure 21. This method was 
designed to facilitate the conStruciton of multiple 
mutants at position 156 and 166 as will be described 
hereinafter. However, by regenerating the wild type 
Glyl66, single mutations at Glul56 were obtained. 

The plasmid P ai 66 is already depicted in line 2 of 
Figure 13. The synthetic oligonucleotides at the top 
right of Figure 21 represent the same DNA cassettes 
depicted in line 4 of Figure 13. The plasmid P l66 in 
Figure 21 thus represents the mutant plasaids of 
Examples 3 and 4. In this particular example, pi 66 
contains the wild type Glyl66. 

Construction of position 156 single mutants were 
prepared by ligation of the three fragments (i- 3) 
indicated at the bottom of Figure 21. Fragment 3 
containing the carboxy-terminal portion of the 
subtilisin gene including the- wild type position 166 
codon, was isolated as a 610 bp SacI-BamHI .fragment. 
Fragment 1 contained the vector sequences, as well as 
the amino-terminal sequences of the subtilisin gene 
through codon 151. To produce fragment 2, a unique 
&2SI site at codon 152 was introduced into the wild 
type subtilisin sequence from pS4.5. Site-directed 
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mutagenesis in vn ■» 

M13 employed a nrii—^ v . 
sequence S'-TA-GTC-STT-err Primer having the 

P-duce the y^ZT 0 '^ 0 -^' *> 

Purification ftnd liaatL Vlth ^D 1 ' 

containing the ^ ^ ^ sequence 

digested with XBtiZ and t * " PV1S2 ^ /•*) was 

Boerin ger - Mannhei J ^ * nt ^-ow 
triphosphates at 37- c * " M deox ynu«=leotide 

Munt end that terminated vithcL in * ™ S a 
extracted with l :1 volu^l . " 151 * The was 

aqueous p hase « ^ «3 - « * 

voices 5M aaaoniu* achate and t " additi ° n ° f °' 1 
After centrifugation and vashin. " T™" '^"o^ 
™ ethanol, the DNA V " B ^ DNA PH* with 

-tested with Bamnx « ~ «"* -s 

Allowed by electroelutTon LI . Bl * Ctr °* h °*** 
synthetic DNA cassette 'k-!^ 2 W «• 
fragments i and \ ^ Vhen with 

s^ence e^VcodT^ *~ 
synthesized to contain a J\ P strand was 

Ligation of heterophospho mat e d - . rine " l56 * 
^rge and favorabl! bias 7 e 1 T ^ to a 
the non-phosphorylated „i • P^osphorylated over 

to the non-phosphorylat.^ wt ' a " d <mB " le ' 3 

Nation. si„iiar ly to ~, tOT * trana to 

v« Phosphorated t0 8156 ?' b ° ttM 

"c-pbosp^t., top « to tte 

isolated after liaati™ ? "* "I"™"' vere 

confined by re.™ *»»*—«-.■ «d w.„ 

y restriction an.lysi. and dk a se ,u.„ c i na 
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as before. To express variant subtilisins, plasmids 
were transformed into a subtil isin-neutral protease 
deletion mutant of g. subtiJ4s, BG2036, as previously 
described. Cultures vere fermented in shake flasks 
for 24 h at 37-c in LB media containing 12.5 mg/mL 
chloramphenicol and subtilisin was purified from 
5 culture supematants as described. Purity of 
subtilisin was greater than 95% as judged by SDS PAGE. 

These mutant plasmids designated psi56 and poise and 
mutant subtilisins designated S156 and Q156 were 
10 analyzed with the above synthetic substrates where P-i 
comprised the amino acids Glu, Gin, Met and Lys. The 
results of this analyses are presented in Example 9. 
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20 
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EXAMPLE 9 

Multiple Mutants With Altered 
Substrate Specificity - Substitution 
at Posi tions 156 and 3 66 

Single substitutions of position 166 are described in 
Examples 3 and 4. Example 8 describes single 
substitutions at position 156 as well as the protocol 
of Figure 21 whereby various double mutants comprising 
the substitution of various amino acids at positions 
156 and 166 can be made. This example describes the 
construction and substrate specificity of subtilisin 
containing substitutions at position 156 and 166 and 
summarizes some of the data for single and double 
mutants at positions 156 and 166 with various 
substrates . 

K166 is a common replacement amino acid in the 156/166 
mutants described herein. The replacement of Lys for 
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«yi.« was achieved by UBlng the synth£tic °2 A 51 44 6 
cassette at the top right of rigure „ vhlch contslnea 
the triplet *»» for aI . produce<I 

with tys substituting for Glyise. 

The is. substituents were Gin and ser. The Gin ana 
ser substitutions at Glyiss ,„ „„„„,., * 
f„m,„. , ,,_ ' are contained within 

fragment 3 (bottom right Figure 21) . 

fragments 1, a end 3 as described in Example .. The 
„ -utants 0 1 56/K le 6 and S156/X1 66 were selectively 

lllZTt * di "«-«« P^sphoryiation as 
described Alternatively, the double Butants , 

e-f. Q1S./K1.. and S156/K16S. v.r. prepared by 
ligation of the 4.6Kb S^I-Bamsx fragment from the 
15 relevant pl 56 p i asmia containing ^ ^ 

fragment from the relevant pl66 plasmid. 

IT™ SntS ' ,in9lS " Utant K1 «< <"><* th. .1,. 

and Qisfi stents of Example 8 „. re analyzed for 

20 " e BPeCi " Cit * synthetic polypeptide" 

containing Phe or Glu as th. P-i substrate residue . 
The results are presented in Table xin. 
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As can be seen in Table XIV, either of these t^ 5 '' ^ 

• 1 en2 y»e binding site. when 

these smgle mutations were combine «. 
multiple . combined, the resulting 

llipie enzyme mutants are better fh»t, -<<.v 

analyzed for their ability to w ! " 

r err .n * oid - — r: 

15 „. . between side-chains that were 

: :r ^rtr r - — , 

ensymes were Jl y^"^ \ 

that were BOBt V homologous P-i substrates 

at were most stencally similar but differed i„ " 
charge (Table XIV) . =irrered m 
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(a) ~ 0251446 

variant subiiTiiTn were f ttLtJ*?*** 51 "' 3 indicated 
5? m Pre ^ iOUSlv Ascribed **\ en2 1 yaes P^rif ied 

ftffef^ 260, 6518-6521) w/lH 5* (l98S ) J- 

-Seated (vt) containing 'cVuls?^^^ 111610 S 

jh. ^TiJ^s is defined as 

6 - 6 - ^ " lons 15 6 and 166 at pH 

(c) 

values for kcat r e "li 
0-1H Tris pH .n'j ^^W measured in 

against • ^ euVstrates g r «Y io "«ly described 5 

is the indicated P-i JSzJ XJ "P- nitr °anilide, where ^ 
deter.inat.on of 3ccat /Kffi and^S ' are Slow""™ ±n 

£a£a« f ° r , GluP "l *^t^ differenc! 
range of +i to _ 2 chargfi lifted to a charge 

n.d. -not determined 
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The kcat/Ks, ratios shown are th. 

and represent the catalytic Product, 

ratios are present L l " ■ " enZyM - 
■<=«!• th. data ana I 1 ° 9a " tl ™ i = ron. to 

Proportion W , t^J^' ot l J 1* 
Ration eneroy u v . .T^?—*- 
!5 «d «, produce changes in catalytic e"icie n ? 

<Unl 5 6/Lysl 66 ( 0156/K1 « 6 , 9 tB - 9 -' COI "' !1 " 

, (««*./»..„ Jl^™ in -— -Ul 56/Me tl 66 
the Glu P-i Bubst™*. , increased kcat/Kn toward 

«.e cataly^icTf "t! "V° M °° ^ ' " d «^~— 
(UP to 10 AidT X„ el,^ ^ ^ - l SUb "" te 

«>e cataiytic emciUy J^T ^ 

1 1 Wlia type enzyme can be 
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greatly improved toward any of the four F-l substrates 
by autogenesis of the P-l binding site. 

IhL?s a 7", ln * C " /KB " e MU " d P"«-inantly by 

IL +\ <*»tr.t. association constant 

«e stations primarily cause a change in substrate 

tot that run parallel to the effects on V xa. rhe 
=h-ges „ kca t suggest either an alteration il 
binding „ the P-i binai n g site ln goi in 

« £ " P * E-S ' t0 «- ^"-"ion-state co npl ex 

E-S^) as previously proposed (Kob.rtus, J.D., et al 

(««) UMtaMltta u. J439 - 24<9; R obertus, 1; 
£ (1,72, £i2£ilSffi i i£a « 93 -, 3 o 3) , or change X 

the portion of the scissile peptide bond over the 
catalytic serine in the e"s coaplex. . 

Changes in substrate preference that arise fre» 
changes in the net charge in the P-i binding e HZ 

tlT~ s T m a=COUnted f « * electrostat: 

B °! Positively charged, the average catalytic 
efficiency increases „uch .ore for the Slu ^ 
substrate than for its neutral and isosteric P-i 
hoMolog. G1 » (Ngure 2eA) _ farthnam I 

ZTZl* b0th SUbStratM ha " "-"-1 

catalytic efficiencies. 
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in contrast, as the P-! site beco.es »ore positively 
charged the catalytic efficiency toward the Lys P-i 
substrate decreases, and diverges sharply fro* its 
neutral and isosteric hoaolog. Met (Figure 28B) . The 
similar and parallel upward trend seen with increasing 
positive charge for the Met and Glu P-i substrates 
probably results fro* the fact that all the substrates 



4SDOCID: <EP 0251446A2_I_> 



~ 9 3- 

0251 



are succinylated on -t-K • 
»«* a fMM1 ^. end, lnd ttus 

The trends observed , 

=»an 9 es in the K» tert *°»i»at.d by 

P=^et beco.es ,ore " " C - '»> • As the' 

S values converge , or «» ! * f ^ ">e l OD 1/Kl 
«na diverge f or l s ' T ' ri ^« 
<«•«• «»). Aithougl less Br ^ 

1» log .cat, tee 9 a//^/""™ ««==ts ere 

"cat paraUel tto " ects * charge OI) 

> - the P., pocX . t ™ « V«* end beeoa. la rger 
resuit froa ^fa ° J?"^ charged. 
'***• *» a tetrahedra! anion *«.,sition- 
the enz^e My ^' t * ad ' Positive 
"abi liMtion to ^ t J.^.^^vide so»e .dded 

The effect r»«f *w 

r «rete e^T""^ ~ ^ ^ - 

change in eubstrate ^J*""" *•»> • The .ver.ge 
barged end £~ *=«/*., between 

"-way lo-aa, „ the °^ r " «*-t»f increasei 

increases CXebL ^ " *»- 

versus Lys, this difference i.\„„ ^P"*"* «u 

» sub.tr.te preference ^ tt ' <*«*• 

K» tera. • " appMrs P"doai nantl in the 
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D Sff™ ntla J Eff6Ct ° n B "di«g Site 
Charge on log kcat/Km or wv , 

for M substr.tls th.t J&J. (.) 



Change in p-1 Binding 

suta-asjiL. juhIIL 9 ke ^. > 

-J to 0 1 „ "- d - 1 -* ,1 - 2) 

1-5 U.3) 0.5 (0.3) 2.0 (1.5, 
10 1 3 ' 

Avg. change in 
log kcat/K or 
dog 1 /Km) "per 



. - * r- w -»- 

un.t charge change 1b1 (1 . 0) 1() ^ 



(1.5) 



15 (a) 



S taken 
given for log (kcat/K*) (Figure 2 S^ p^^ 96 int «rval 

effect a charge chanae has i« I? differential 
substrates that are compared dlst ">guishi„g the 

(b) 

o« ^arg a S% r 1 L^ 1 si^ d n i s ng 15 S /Vn a iS 16 a 6 : £lne ' 3 " "» — 
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Th * fre * «>«W of electrostatic int . 
structure and energetics of salt b f " ^ 
Spends on th. distance between 'V " 9 ' r ° ra " ion 
^croscopic dielectric of 1, Char9M the 
structural and Bicroe " V^'" r ° these 

-rcies involved in ^ I ^^/"'^' the 
evaluated. In addition Pe " f " ""-bridges vere 

*«» figures S9A . nd 2 t 9 ° B) th ' POESlble "It-Wdw 

- * built between . Lye i J "IT' 

f-*«« ae</ „ nd between /c^fs/ «- A S p . t 

IW -t position „« (not Bhom 1U * » -*-t*.f a M a 

ttese structures is confir^ ^J"* — of 

(Poulos, T . L ., X-ray crystalography 

and do7ot~i« ! ' !U ~ S ^— BiPJU in, 
»«ls contacts. ntr ° dUM """orabie van it 

Tne change in charged P-i sin,*,-, . 

by for^on'of « ^eT." 6 /!":""" 
Shewn in Table XVI. "bridges above are 
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salt M ° le = ula r modeling shows it -f 

s^strate l\ between the 6 £ d iL?2 Slb l B to for » » 
(b) 

indicated position. Ier in charge at the 

(c) 

similar"* bui 1 di«lt r,t '* E "P«r.d are Etru ^ , 
Potion indicated betveel E^f^ at the' 

Da te from Table yttt • 

S^v^Sfs & ass a 

charged and *ore neutral JL * cat/Kl ''> ^tween the 
change in catalytic ^ SS(01 ">/«yl S)! , reflects tte 
-Uly *° .iectLtat/c Xl " ^ ^ * ttrlb "" 
Ihese results show that t*. 

substrate preference i. * V * r " 9 * ch "«* in 

HectrostatL suTt^ns "»«-™»*T heater vhen 

«. .^o-.dd in *ea :; re a u r ; r> uced at position 

in *cat /Kn) . rroa / th i.**™" P °" tl ° n " 6 («-f-U 
average change in 7* * * C " /I!B v * lues - «• 

1.5 and -2.4 Jccal/mol for 
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substitutions at positions 156 and 166, respectively 5 
Thas should represent the stabilization energy 
contributed from a favorable electrostatic interaction 
for the binding of free enzyme and substrate to form 
the transition-state complex. 



EXAMPLE 10 



Subst itutions at Position 217 

Tyr217 has been substituted by all other 19 amino 
acids. Cassette mutagenesis as described in epo 
publication No. 0130756 was used according to the 
protocol of Figure 22. The EcoRV restriction site was 
used for restriction-purification of P A217. 

Since this position is involved in substrate binding 
mutations here effect kinetic parameters of the 
enzyme. An example is the substitution of Leu for Tyr 
at position 217. For the substrate sAAPFpNa, this 
mutant has a kcat of 277 5- and a Km of 4. 7x10^ with 
a kcat/Km ratio of 6xl0 5 . This represents a 5.5-fold 
increase in kcat with a 3-fold increase in Km over the 
wild type enzyme". 

in addition, replacement of Tyr217 by Lys, Arg, Phe or 
Leu results in mutant enzymes which are more stable at 
P Hs of about 9-11 than the WT enzyme. Conversely, 
replacement of Tyr217 by Asp, Glu, Gly or Pro results 
m enzymes which are less stable at pHs of about 9-11 
than the WT enzyme. • 
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Thr22/ser87 
Ser24/serfi7 
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P*o Sph oryi ated . ol *° ^ v *s carried out with 

^^^^ 
(Asterisks show th 

te fflplate " Single branded dna was i\ T 

was prepared ± n 
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a similar fashion using a 5' phosphorylated primer 

having the sequence 

5 ' -pGGC-GTT-GCG-CCA-TGC-GCA-TCA-CT-3 • . 

(The asterisk indicates the position of the mismatch 
and the underlined sequence shows the position of a 
new HstI site.) The C24 and C87 mutations were 
obtained at a frequency of one and two percent, 
respectively. Mutant sequences were confirmed by 
dideoxy sequencing in M13. 

Mutagenesis of Tyr21/Thr22 to A21/C22 was carried out 
with a 5' phosphorylated oligonucleotide primer having 
the sequence 

15 5 • -pAC-TCT-CAA-GGC-GCT -TGT- GGC-TCA -AAT-GTT-3 • . 

(The asterisks show mismatches to the wild type 
sequence and the underlined sequence shows the 
position of an altered Sau3A site.) Manipulations for 
20 heteroduplex synthesis were identical to those 
described for C24. Because direct cloning of the 
heteroduplex DNA fragment can yield increased 
frequencies of mutagenesis, the EcoRl -BamH I subtil is in 
fragment was purified and ligated into pBS42. E.. coli 

25 MM 294 cells were transformed with the ligation 
mixture and plasmid DNA was purified from isolated 
transformants. Plasmid DNA was screened for the loss 
of the Sau3A site at codon 23 that was eliminated by 
the mutagenesis primer. Two out of 16 plasmid 

30 preparations had lost the wild type Sau3A site. The 
mutant sequence was confirmed by dideoxy sequencing in 
M13. 
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Double autants, C22/C8 , and 0251446 

« P «a tea the elngle parent "^ e Eite fl th " 

Specif icallv .- cyerine codons. 

^ "icany, the 500 bp EcoRI-ri.T 
containing the 5 - portion of ~ fragment 

r^t-rr - - : - 

5 , — fra91nent th " contained the 3- Dort< 

° f »*tUi.l» 9 ene (inching codon L " " 
vector se,uence. E. coli KM 2 S < was L„ / PBS " 
Ration ni « ures „ a plasB . d ^J?™*"™ «lth 

individua! transplants. Do^e- " ^I* **» 
10 constructions were ia . ntitiea ^ 

makers originating fro* the parent ~st*T " 
«, and C2,. ^ .JL.^JT'^:™^ 
Plasmids froa E . coll Mrm ' Cy " 7 ' 11141 P 1 ") • 
safeties BC 2 036 _ " tr " sf °™«> into a . 

- *u Jt >. The thermal stability «-v. 

.5 » UtMts « W»* to „ lla type s^tillL 6 
Presented in Kismr e ,o and Ta M es £ IX ™\T "* . 
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and Disulfide Mutants ofsStnS* 



10 




Wild-type 

C22/C87 

C24/C87 



95 
44 
92 



85 
25 
62 



1.1 
1.8 
1.5 



15 



20 



( } Purified enzymes were ei ther treated 
treated with 25m DTT and dialy.ed with or 

la- r in « Cacv 50aM Tr j ( * ~ 

^ *. 

activity. Half-ti.es for autoTytic ^ t f°* f^'""' 1 
determined fro, semi - log p j£ ""^taoa were 

activity, versus time. U e p io ts ^J^T 
over 90% of the inactivation. ^ 
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Inactavation at 58 'c* 



10 



Enzy me* 

Wild-type 

C22 

C24 

C87 

C22/C8 7 
C24/C87 




30 



I J 

Half-times -f«^ 
15 determined for ' wild-* Jf Ut ° lyt±c ^activation . 

^ the^e 1 ^ ^le^lT ^SSg^ 

0 ,id not 

«h.n compared to "*y « the nu ta n t en 2yaes 

«abil ityvhen r J J lde » Of autolytic 

double-cysteine „,„«. t c ° r «*P°Mi ng re<3uc „ a 

avisos subtiii Bln r . veals " h ' s - MolsUmr- 

ana Ser8? . BecauM / hydro '« *— between 
donor or acceptor {Paul t r- , " P °° r "Wdrogen 

Interscience, Hew '' * PP ' Wiley 

-ona M y exp'la^ 1 ^7 °* "' 87 
-tant proteins are L s a " '^^".ine 
•ither C2 4 or Vila-type " T T " 1 ^ th » 
« 1- 1« autoly^l! ' " *«* 

«^lt of the Tyr21A „«.«." " C " My *» the 

Tyr 2 « , u t. tl on (Table XVIII, . lBaeed 
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constructs and analysis of I y r21/C22 Ehovs thg 
autant protein has an autolytic stability closer to 
that cf C87. ln summary, the C22 ftnd ^ 
smgle-cysteine stations destabilize the protein 
toward autolysis, and disulfide bond formation 
on«.... the stability to a level less than or equal 
to that of wild-type enzyme. 



EXAMPLE 13 



10 



30 



Multiple Mutants Containing Substitutions 



Double mutants 166/222 and 169/222 were prepared by 
ligatxng together (i) the 2 .33cb A^n fragaent fr J 
15 PS4.5 which contains the 5 ' portion of the subtilisin 
gene and vector sequences, ( 2 ) the 200bp Avail 
fragment which contains the relevant i 66 or~ei 
Rations fro. the respective 166 or 169 plasmids, and 
(3 the 2 .2kb Avail fragment which contains the 

20 a^d eVan ! 2 " nUtati ° n 3 * " d ° f s ^il"in genes 

and vector sequence from the respective p222 plasmid. 

stiui g tv au .r ions at position 222 iffipr ° ve 

BtabiUty they also tend to increase the Km. An 

25 ^ ShOWn ^ XIX * ln case ^e A222 

autation was combined with the K166 station to give 
an enzyme with kcat and Km intermediate between the 
two parent enzymes. 
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Xcat 


_ Km 


WT 

A222 

K166 

K166/A222 


50 
42 
21 
29 


1.4X10*" 4 
9.9X10" 4 
3.7X10" 5 
2.0xl0~ 4 



substrate sAAPFpNa 



10 



25 



30 



35 



The double nutaat S1S6/A169 

of te fragments, each " t , Prepared * " 9 «io n 

nations. rae pl : :lt s " nin ' ° ne °* «» 
= oden 167 . Mter « -t. . blunt eM at 

Phwiol/chloroforn extracts nuclease by 

"on, the ™k\T;Z " " hM01 «-«iPita- 

«» B' Portion t f Ittin ninS **- VeCt « 

was purified. eubtll «i» Sen. through codon 

Tha P" 69 Plaemld was digested w!*,, . 
with DMA polymerase «.„ ! 2201 and Seated 

to create . bCt end e T ^ PlM 50 «* «™» 
— removed Ty C ° d ° n 

«tha no i p„=i P i t y ajr z ::r extraction - 

SMI Md the s 90 bn digested with 

through the carbo^ telf 9 " 6 »*» 168 

rbo*y terminus of the subtilisin g.„e 
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was isolated. The two fragments were then ligated to 
give S156/A169. 

Triple and quadruple mutants were prepared by ligatinc 
-Sether (1, the 220bp ' 

the relevant 156, 166 and/or 169 stations from the 
respective P 156, pi 66 and/or pl 69 double of single 
™tant plasmid, (2) the 550bp H£. 21/BuiH1 fr * 

co^ta^ing the relevant 217 mutant from IhY respect 
P217 p la „ ldf and (3) the 3>9kb f 

io containing the F50 station and vector sequences. 

The multiple mutant F50/S156/A169/L21 7, as well as B 

tir r the - sin9le fflutant L2i? 

u with the above synthetic polypeptides where the P-i 

Tvr, Phe, Met and Leu. These results are shown in 
Figures 26 and 27. 

20 ^rUT 1 ! 8 Sh ° W th3t ^ F50/S ^^^ll mutant 
has substrate specificity similar to that of the B. 
^chenifornns en 2yme and differs dramatically from the 
wild type enzyme. "Although only data for the L217 
»utant are shown, none of the single mutants (e.g., 
^ F50 S156 or A169) showed this effect. Although B. 
^^or^is differs in 88 residue positions from B*. 
ag ylolicuefaci>n. f the combination of only these four 
Rations accounts for most of the differences in 
substrate specificity between the two enzymes. 



30 



EXAMPLE 14 



Subtilisin Mutants Having 
Altered Alk»n ne Stability 

A random mutagenesis technique was used to generate 
35 single and multiple mutations within the B. 
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fiamojiguefaciPTis Bubtilisin gene . 0251446 

screened for a i tere d *1*J< Ut ™ tB Vere 

decreased ( n Bgativ £ «* 

- d seguenced to identify t J f * 
subtilisin gene. To na J MUt&ti ° nS Vlth ^ the 

-u»t. vi 07 g a nd ~TzjL£ i zr ;r* s ' the 

-tants were subse^ntly coj^ ^0 ^ Ein9le 
mutant V207/R213. <">inea to produce the 

one of the negative clones (vso) f ro „ ,„ 
Mutagenesis experiments resulted in . I » ?" """""" 
in aljcaline stability " d "="">*« 

anal y ,ed for al^nT .t^ ^Tt 
effect of a alfferent substitution at 
The F50 mutant was found *„ * P°«tion 50. 

"ability than wild IZl sltiiY" " 9 " lter il,talil,e 
with the double mutant ^o^T T' ^ 
having an alfceline s^ufty which * " Ut * nt 

aggregate of the alkaline stabilitiel f ""'"^ 
individual mutants. for •»<* of the 

i^rt ".is. aoubie ~ 

=«sette mutageneses ov« £ ""r ; 9 

to produce mutants thereafter modified 

«0< and to deHrt " 9 indivi <^ stations 

the indivi^l'irtir 8 Z^T^ °* "* « 
Pooled oligonucleotides^ ^rT"' 5 
at position 204, was »tnT T Mln ° * CldS 

substitution ,t «<V ' t0 d "™ i « which 

increase in" SL^TZ iliVv T 7^" 
Ly«13 to Arg „as maintT, - ■»*■««> from 

-s. substitu^::: .rprrn r: tant for -* ~ 
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Construction of pB0180, an 

E. coli-B. subtilis Shuttle Plasmid 



0251446 



The 2.9 kb EcoRI-BamHI fragment from pB R327 
(Covarrubias, L., et al. (1981, Gene 13, 25-35, was 
ligated to the 3.7kb Eco RI -BamH I fragment of pBD6 4 
(Gryczan, T. , et al. (1980, J. Bacterid. . 141 
246-253, to give the recombinant plasmid p B 0153 The 
unique EcoRi recognition sequence in p B D64 was 
eliminated by digestion with EcoRi followed by 
treatment with Klenow and deoxynucleotide 
triphosphates (Maniatis, T. , et al. (eds.) (1982) in 
Molecular Cloning, A L.bnr, t n 7 ^-.^ Cold Sprino 
Harbor Laboratory, Cold Spring Harbor, B lunt 
end ligation and transformation yielded pB0154 The 
unique Aval recognition sequence in P B0154 was 
eliminated in a similar manner to yield pBOlTl 
PB0171 was digested with BamHI and Pvun and treated 
with Klenow and deoxynucleotide triphosphates to 
create blunt ends. The 6.4 kb fragment was purified 
legated and transformed into LE392 cells (Enguest 
L.W., et al. (1977) J. Mo l. Biol^ 111, 97-120), to 
yield pB0172 which retains the unique BamHI site. To 
facilitate subcloning of subtilisin mutants, a unique 
and silent Kpni site starting at codon lfifi ^ 

introduced into the subtilisin gene from p S 4.5 (Wells 
J.A., et al, (1983) Nucleic Acids r»«. . 11, 7911-7925)' 
by site-directed mutagenesis. The Kpni + pi asmid was 
digested with EcoRi and treated with Klenow and 
deoxynucleotide triphosphates to create a blunt end. 
The Klenow was inactivated by heating for 20 min at 
68 »C, and the DNA was digested with BamHI. The 1 5 kb 
blunt EcoRI-BamHI fragment containing the entire 
subtilisin was ligated with the 5.8 kb I^ul-BamHI from 
PB0172 to yield pB0180. The ligation of the blunt 
Nrul end to the blunt EcoRi end recreated an EcoRi 
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"nique BainHl site « ^ s^^""* 9e " e ls th * 

genes and UB110 „„, „ . »«»nycin resistance 

-rived irom ^ ^ e " ^Hcation origin 

«r« ne gative repllcation n "e"::: 1 : 11 " - 

9 n aerived from pBR327. 



B. 

The 



T1 >e 1.5 Jtb EcoRI-BaMI f„„ ,. 

-yldiguefaclels s^u i£ !rr , CO " taini " 9 ^ »• 
SUBT essentially as previo^iv 2 , *° 

template DNA (Kunk.l, Uridln * containing 

20 ^nsity gradients (Maniatis T e ° t * ^ 

in Woleeularclonina » t=k S,) US82 > 

^^^y^^^T 1 ' Cold s ^ 9 

• Primer (Aval - ) having the sequence N *¥.). A 

25 5 ' **AAAAAAGACCCTAGCGTCGCTTA 

ending at codon -11, „as used to alter th • 
recognition seguence „ ithi n the suhtliistn T*~ ~' 
asteris* denotes the fetches fro " " * 

l0 -guence and undented is the alte/ed 



The 5 1 



phosphorylated Aval primer f-asn 
template in 1. 88 ml Qf „ "Gaining H 13»pll SUBT 

35 (P 7 ' 5) Were sealed by heating to 
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90°C for 2 man. and cooling 15 min at 24 °C (Fig. 31). 
Primer extension at 24 »C was initiated by addition of 
lOOuL containing 1 mM in all four deoxynucleotide 
triphosphates, and 20 v l Klenow fragment (5 units/1). 
The extension reaction was stopped every 15 seconds 
over ten min by addition of lOjil 0.25 M EDTA (pH 8) to 

5 50ul aliquots of the reaction mixture. Samples were 
pooled, phenol chlorophorm extracted and DNA was 
precipitated twice by addition of 2.5 vol 100% 
ethanol, and washed twice with 70% ethanol. The 
pellet was dried, and redissolved in 0.4 ml 1 mM EDTA, 

10 10 mM Tris (pH 8). 

Misincorporation of a-thiodeoxynucleotides onto the 3' 
ends of the pool .of randomly terminated template was 
carried out by incubating four 0.2 ml solutions each 
15 containing one-fourth of the randomly terminated 
template mixture (-20pg) , 0.25 mM of a given 
a-thiodeoxynucleotide triphosphate, 100 units AMV 
polymerase, 50 mM KCL, 10 mM MgCl., , 0 .4 mM 
dithiothreitol, and 50 mM Tris (p H 8.3) (Champoux, 
20 J.J. (1984) Genetics, 2, 454-464). After incubation 
at 37-C for 90 minutes, misincorporation reactions 
were sealed by incubation for five minutes at 37°c 
with 50 mM all four deoxynucleotide triphosphates (pk 
8) , and 50 units AMV polymerase. Reactions were 
stopped by addition of 25 mM EDTA (final) , and heated 
at 68°C for ten min to inactivate AMV polymerase. 
After ethanol precipitation and resuspension, 
synthesis of closed circular heteroduplexes was 
carried out for two days at 14 "c under the same 
30 conditions used for the timed extension reactions 
above, except the reactions also contained 1000 units 
T4 DNA ligase, 0.5 mM ATP and 1 mM S-mercaptoethanol . 
Simultaneous restriction of each heteroduplex pool 
with K£ni, BamHI, and EcoRl confirmed that the 



25 
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extension reactions were nearlv 

Heteroduplex DNA in eaf , h ^ quantitative. 

-thylaJd by i h reaCti ° n miXtU " WaS 

y incubation with fln M 

One-half of each n-F +v,« * 

reaction „ * """^"ed heteroduplex 

reactions were transformed into 2 5 „i „ 

coli JM101 (Messing, J. ,1979, Jc'L £- 
M SHU,- 1- »e „' Jef 2 ^^^ 

transformers £m each of the ^ tans^" ' 
ranged from 0.4-2 0 x 30 s tr! ">sf°rmations . 

pools, RF DHA fro, each o ; tha ! 9I ° Win9 °" 

"as isolate i Ur tr »"=f°rn,ations 

CsCi denlT PUr " iea by """Ifog.tlon through 

„ Csci density gradients. Approxrtaateay 2 „g of ' 

^ each of the four p ool s was digested^ " 

resistant) was purified on low „.i 

temperature agarose and lig at . fl into the °V* 

20 BOSK-2BBI vector fragment of pB 0180 l ht tt , 
number of j ^ y u ' The total 

a *h * dependent trans formants f rom each 

each of th. f 1 ' 1,001 ° f P 1 '™"* from 

»1 LB Ldi MS *°™«ions was grown out in 200 

gradient/ * CsCl density 



30 C " f?^! 1 ? 11 and Screening 

of Subtali sin Point Mn ^^ 



Plasmid DNA from each of the four 

( Anagnostopoulos , c. , e t al. 



r>r>«i^ rour rois ^corporation 

Pools was transformed (Anagnostopc P°«t 10 n 

(19fi 7) # J. Bacte rinl . . gi 741.. - ^ 
~ -5Z±i' £±' 741-746) into B62036. For 



35 each transformation. 5ug ef DKR pzo ^ ™ 
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2.5 x io 5 independent BG2036 transf ormants, and liquid 1446 
culture aliguots from the four libraries were stored 
in 10% glycerol at 70'C. Thawed aliguots of frozen 
cultures were plated on LB/5„g/ml cmp/l.6% skim milk 
plates (Wells, J.A., et al. (1983) Nucleic AHH. p~ 
5 11, 7911-7925), and fresh colonies were arrayed onto 
96-well microtiter plates containing 15 0 1 per well LB 
media plus 12.5pg/ml cmp. After 1 h at room 
temperature, a replica was stamped (using a matched 96 
prong stamp) onto a 132 mm BA 85 nitrocellulose filter 
1Q (Schleicher and Scheull) which was layered on a 140 mm 
diameter LB/cmp/skim milk plate. Cells were grown 
about 16 h at 30- C until halos of proteolysis were 
roughly 5-7 mm in diameter and filters were 
transferred directly to a freshly prepared agar plate 
15 at 37 * C containing only 1.6% skim milk and 50 mM 
sodium phosphate pH 11.5. Filters were incubated on 
Plates for 3-6 h at 37 'C to produce halos of about 5 
am for wild-type subtilisin and were discarded. The 
Plates were stained for 10 min at 24 -c with Coomassie 
2Q blue solution (0,25% Coomassie blue (R-250) 25% 
ethanol) and destained with 25% ethanol, 10% acetic 
acid for 20 min. Zones of proteolysis appeared as 
blue halos on a white background on the underside of 
the plate and were compared to the original growth 
25 P late «iat was similarly stained and destained as a 
control. Clones were considered positive that 
produced proportionately larger zones of proteolysis 
on the high pH plates relative to the original growth 
Plate. Negative clones gave smaller halos under 
3o alkaline conditions. Positive and negative clones 
were restreaked to colony purify and screened again in 
triplicate to confirm alkaline pH results. 
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D. 



incubation with 2 ma/ m l , " eXC6Pt that 

at 37 -c to yS ° 2yme Pr ° ceeded 5 min 

at J / C to ensure cell lvs-ic 

Ph enol/c„Cl 3 extraction „/s " T * M1 "— * 

■ contaminants. The , , «Pl°y«d to reaove 

containing the subtil • ^S* 1 "!^ fragment 

in subtilism gene wa<! i,-„»4. * 

" -13-P11 and te mpl ate DKA las prepared , 

-fencing (MesEing . et *~ DNA 

269-07*i iJ-^H^J Gene , 19 

' and +155 were synthes3 . _ e . . 

- i ~™ ■ 

corresponding to the dNTP aS mi. sequence, 
fro. which the mutant ^ "^oration library. 

mutant came, was applied over the 
entire mature protein coding sequence fi e 

dideoxyguanosine sequence tracT 3 Sln9lS 

20 ^.^ 4 nce track was applied 

-dentxfy a »utant fro* the dGTPas lib r. ry) '! 

:r ::: *z trac * ot dka — « - ---- 20 : 

identl y t he ^"""^ *° and 

y tne mu tant sequence (Sanger P 

p ' ^ al * (1985 > -J- Biol. Ch. m 260 , 6518 

Enzymes were greater than or* 6518-6521). 

J0 cnc , han 98% P ure as analyzed bv 

SDS-polyacrylamide gel eleoi-,-™^ y 

(1370), Nature , ^ 227 • C ^f;;" Cta — ii - 

concentrat.—TeVe cITculat f ' ' ^ P "° t * la 

Biol 280 CMaturbara, H. , et al. (i 96 5) j 

Biol. Chem, 240, 1125-1130). ' ~ 
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Enzyme activity was measured with 200 P g/mL 
succinyl-L-AlaL-AlaL-ProL-Phep-nitroanilide (sigma) in 
0.1M Tris p H 8.6 or 0.1 M CAPS p H 10.8 at 25'C 
Specific activity tto les product/min-mg) was 

calculated fro* the change in absorbance at 410 nm 
from production of p-nitroaniline with time per mg of 
enzyme (E410 « 8,480 H-lcm-1; Del Mar, E.G., et al. 
(19?9) ' Anal - BiochPTn., £9, 316-320). Alkaline 
autolytic stability studies were performed on purified 
enzymes (200„g/mL) in 0.1 M potassium phosphate (p H 
12.0) at 37-C. At various times aliguots were assayed 
for residual enzyme activity (Wells, j. A . , et al. 
( 1986 ) J» Bio3. rhoy* , 16JL/ 6564-6570). 



15 E. Results 

1. Optimization and analysis 
of mutage nesis frequency 

A set of primer-template molecules that were randomly 
3 '-terminated over the subtilisin gene (Fig. 31) was 
produced by variable extension from a fixed 5 '-primer 
(The primer mutated a unique Aval site at codon 11 in 
the subtilisin gene). This was achieved by stopping 
polymerase reactions with EDTA after various times of 
extension. The extent and distribution of duplex 
formation over the 1 to subtilisin gene fragment was 
assessed by multiple restriction digestion (not 
shown). For example, production of new Hinfl 
fragments identified when polymerase extension had 
proceeded past IlellO, Leu233, and As P 259 in the 
30 subtilisin gene. 

Misincorporation of each dNTPas at randomly terminated 
3' ends by AMV reverse transcriptase (Zakour, R.A., et 
al- (1982), HaSjEe, 22* , 708-710; Zakour, R.A., et al. 
35 (19B4) ' £ucleic Acids , i2, 6615 -662B) used 
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(MM). SSMtiss., 2 . 45 <-464,. Ihe efficiency of Mch 
^incorporation region v« eeti Mtea to J ' Ttll 

Several manipulations were employed to „„„• • 
10 yield of the mutant eeguences Z «, ■" a "» the 
These included the use Tf a d ■ . h ^ ro ** 1 «- 

-Plate (K un*.l. ..^.SSSiTlS! 

/ iiiS/ D /x 5B 2) , in vitro aethvlat- -J ^ w 

strand which contained a unigue £val site * 
separate contribution of each of «T 

20 =s ~ S-^r 

» restriction-selection greater than m « the plasms 
l»=*ed the wild-type five! site. f 1 " 1Ila * 

toKI-BamHI subtilisin gen. fragment that 
v« resistant to ^.x restriction digestion from etch 

rfw^elti PUr " led *" " POOls — on 

from the agarose with a similarly out £ ~l7T 
*a*tlU» shuttle vector DB0 ,„ n T ^"S- 
dl»M-i. . ' PB0180, and transformed 

. directly into J coli a 3 » 3 . Such dl i lgBtion 

transforation of dna isolated from agarose avoided 
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loses and allowed large numbers of recombinants tp?(?^446 
obtained (>100,000 per pg equivalent of input M13 
pool) . 

The freguency of mutagenesis for each of the four 
dNTPos misincorporation reactions was estimated from 
5 the freguency that unigue restriction sites were 
eliminated (Table XX). The unigue restriction sites 
chosen for this analysis, Clal, Pvull, and Kpnl, were 
distributed over the subtilisin gene starting at 
codons 35, 104, and 166, respectively. As a control, 
10 the mutagenesis freguency was determined at the PstI 
site located in the 6 lactamase gene which was outside 
the window of mutagenesis. Because the absolute 
mutagenesis freguency was close to the percentage of 
undigested plasmid DNA, two rounds of restriction- 
selection were necessary to reduce the background of 
surviving uncut wild-type plasmid DNA below the mutant 
plasmid (Table XX). The background of surviving 
plasmid from wild-type DNA probably represents the sum 
total of spontaneous mutations, uncut wild-type 
20 plasmid, plus the efficiency with which linear DNA can 
transform E. coli . Subtracting the freguency for 
unmutagenized DNA - (background) from the freguency for 
mutant DNA, and normalizing for the window of 
mutagenesis sampled by a given restriction analysis 
25 (4-6 bp) provides an estimate of the mutagenesis 
efficiency over the entire coding seguence (-1000 bp) . 
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25 



T ABLE X X n 0 c m M 

0251446 



a-thiol 



c3KTP - _ 
misincor- ^trictian * res3 - s **n t clones c % resistant % 
.fb) Site 1st 2nd clones over ""tants 



5 


None 


PstI 


0.32 


0.7 


0.002 


0 




G 


PstI 


0.33 


1.0 


0.003 


0.001 




T 




0.32 


<0.5 


<0.002 


0 




C 




U. 43 


3.0 


0.013 


0.011 


10 


None 


Clal 


0.28 


5 


0.014 


n 
\j 




G 


Clal 


2.26 


85 


1.92 


1.91 




T 


Clal 


0.48 


31 


0.15 


0.14 




C 




0.55 


15 


0.08 


0.066 


15 


None 




0. 08 


29 


0.023 


0 




G 


PvuII 


0.41 


90 


0.37 


0.35 




T 


PvuII 


0.10 


67 


0.067 


0. 044 




C 


PvuII 


0.76 


53 


0.40 


0.38 


20 


None 


Kpnl 


0.41 


3 


0.012 


0 




G 


Kpnl 


0.98 


35 


0.34 


0.33 




T 


K^I 


0.36 


15 


0.054 


0.042 




C . 


Kpnl - 


1.47 


26 


0.38 


0.37 



Per 
1000bp e 



0.2 

0 
3 



380 
35 
17 



88 
9 
95 



83 
8 
93 
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^^o^^^^^^B^t^ fro, the 
restriction sites within Thl ^ ha - t alter unique 
gene <i. e ., ciai, Pv^li or kLtT 9eni2ed su *tilisi n 
frequencies "oF the^Psti si^T * ^Pared to mutation 
Window of mutagenesis^ ' hat ls °«tside the 

Plasroid DNA was ^t-«™ •-.^ 

from the r "r a t ction°ff cloteV^V^ 0 "; 5 /" «l«lat.a 
°r greater ov.r-aig.fi?™ ii"** f f ^ toree f °" 
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non-digested control. Restrict ion-resistant 

DNA from .the first round was subjected ! to a ^ISnS 

5 counting at least 20 colonics and usually greyer SS 

Percent resistant clones was calculated k„ 
subtracting the percentaqe of re^rirftin • y 
clones obtained for wiJKypS d£? U f^f„Vi"^ 
that obtained for mutant DNA? ' n °" e) from 

(e) 

10 This extrapolates from the frequency of mutatis 

m r^r^^Tas 5 ^ 6 to J«SixS2 

«^ ~J -v7 V ls has been normalized to the number 

sfte P "hat k" 6 bP> With±n each '«?rJ2S:S " 

site that can be mutagenized by a D ,'von 
mismcorporation event. Y given 



15 



Prom this analysis, the average percentage of 
subtilisin genes containing mutations that result from 
dGTPas, dCTPas, or dTTPas misincorporation was 
2(J estimated to be 90, 70, and 20 percent, respectively. 
These high mutagenesis frequencies were generally 
quite variable depending upon the dNTPas and 
misincorporation efficiencies at this site 
Misincorporation efficiency has been reported to be 
25 both dependent on the kind of mismatch, and the 
context of primer (Champoux, j.j. , (i 98 4) ; Skinner, 
J.A., et al. (1986) Nucleic Acids Res. . 14, 
6945-6964). Biased misincorporation efficiency "of 
dGTPas and dCTPas over dTTPas has been previously 
3o observed (Shortle, D. , et al. (i 98 5) , Genetics ! lio, 
539-555). Unlike the dGTPas, dCTPas, and dTTPas 
libraries the efficiency of mutagenesis for the dATPas 
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This problem probably arose «v 
self-li gation of y arose f rom 

«. ".utaoenLa subt 'l- Ve "° r " he " thS « TP " 

. e Sti „L th ^ ::z f f ° r r e ; u he vect ° r « 

-Percent (not shown) , ^ * " """V 

to be around 50 and 30 Derrpn t . ated 

the frequency of reversLTof 'T^'™ 1 *' ***** °* 
at codon 169^ rW, " aoa ° f an Activating station 

15 The location and identity of ' . 

determined by a « lnc n A I I station was 

»y a single track of DNA com,=^ • 
corresponding to the ™ <e 4 sequencing 
^ y to me disincorporated 

was similar +r> .1-^4. Q1 strxbutaon 

«»p * ZToi re r ted by shortie and Li » »»"> 

deletion ° nncle °*"* insertion or 

was hi^rrVr"'- •* *» stations 

nxghest „ the G ^incorporation library and 

2. Screening and Identification of 
30 AlXalrne Sr„hmtv M „f„^ „, c... M1 , h| 

by 'hafoT?/ 6 t0 SC " en " l0nieE Pr ° dacln ' 
35 hi9h al)tallne C o„d iti o ns (>p B Pirst , 3. £afe£i ^ 
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will not ^ , t hlgh Wi Md ve have 

transfer* an alkylophilic strain of bacillus. This 
problem was cvercc by adopting , repllca 
strategy in „ hlch colonies ver£ gIBm m p »9 
neutral pB to produce subtilisin „ a tilta " 
subseguently transferred to casein plates at pH 
to assay subtilisin activity. However, at pB ll.s th! 

a C " e tL. nl :' US " 10n5er ' ™ **«r*Jl 

and thus prevented a clear observation of proteolysis 

the plate „ lt h Cocassie blue to amplify proteolysis^ 
«nes and acidifying the plates to develop casein 
.xcell turbidity. By comparison of the halo si\e 
produced on the reference growth plat. ( pH 7) to the 
"f f *» it vas possible" to ident^y 

decr« f "" =iM *»* »" - (Positives, or 

tZllllL. (n " atlves) ' tability -« 

20 fZf ly , COl ° ni " WB " «*« •«* « the 

four ^incorporation libraries. The percentage of 
colonies lowing a differential loss of activity at pB 

clT ! COl ° nIeS " CreeB " d **" «» tti <* dGTPa s , 
dATP.s aw.., Md dcr ^ s libraries, "respectively 
" Several of these negative clones were seguenced aid 
all were found to contain a single base change as 
ejected fro. the misincorporation library f rra which 
they Negative mutants included ue. E170 and 

' 10 ° f ne9itives f Positives wa, roughly 
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3- Stability ana Activity , 

SubtiliBin mutants were purified «ni »v , 

S ta b i litles verc Beas J d "Wjrtic 

inactivation at ff u . ( ( * *"» of 

-tants identified fro. tte screen ,i ' 

were more resi^ t ^ Md 
autolytic inactive ~ Valine induced 

- L «=c-civation compared -t-n u <u .■. 

-««ts (i.e., E170 M v 50 , were less yPe '' 
, had advantageously producea 'J^L I HT^- 
»0 (W.) by site-directed mutageneses Th " 
— »o« .table than wild-type e "I' J " 
"tolytic inactivation ^ *" 

of the autolysis Etudy * _"L At *■>• <*r» ln .tion 

«»t each subtiiisin y ; a ^a n r G h L 1 ' 1 y """^ 

extent consistent witt the ".in "" 0ly " d *° « 

with the remaining eniyme activity. 

"uirv" 12 !/"^: °* r 7 - - - - 

fragment of pB01 8 OV107 into the , « v„ f 2 ""^ 1 
fragment of pBOleo*^,. ls J£ " »* «*W 
■I*, mutant. - ». triple ^ « 

by subdoning the 735 bp Ecori-pItt V ' 
(Example 2) i„ t „ ♦,. . S£2RI-£vuII fragment of prso 

PB0180/vi 07 is „ ,8 ^ fragment of 

Wphasie character t^t J""*"""" «~es =»ow a 

»=r. stable " "°" Pronounced the 

more stable the mutant analyzed Th<. _ 

«one destablisi„„ . ^' h " "suit from 

uesTBbiizmg chemical modification.. 

nx - iaxj -y tiie sane results 
autolysis should depend both on the Hl^Lll 
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F. Random Cassette Mutagenesis 
pf Residues 1Q 7 through aa « 

Plasmid pA222 (Wells, et al MSB** 

a- * \ (1985) Gene 24, 315-323) 

was digested with Pstx and Mmx ^ the 0 4 ^ 

5 Bifil/BMHi fragment (fragment l, See Fig. 34) purified 
from a polyacrylamide gel by electroelution. 

So 1 « 3 kb Q M ? /aaaHI fra9Bent fr ° D PS4 ' 5 «• «*«.d 
r cr T ' direCted - ta ^esis was performed 

10 to create the A197 mutant and simultaneously insert a 
silent sstx site over coflons 195 ^ ihe autant 
- IcoRI/BamHI fragment was cloned back into p BS <2 ^ 
PA197 plasmid was digested with BamHi and Ssti and the 
5.3 *b Ba^HZ/Sstx fragment (fragment 2) w~ 
15 from low melting agarose. 

6 T^ ntary , ^nucleotides were synthesized to 
span the region from bm£L (codons 195-196) to PstI 
(codons 228-230). These oligodeoxynucleotides we7 e 
20 desired to (1, restore codon 197 to the wild type 
(2) re-create a silent site present ^ 

codons 219-220, ( 3 ) create a silent ^ .^"^ 
codons 210-211, and (4 ) eliminate the site ov« 

codons 228-230 (see Fig. 35). Oligodeoxynucleotides 

5 IZt 63 T eSi2ed Vith 2 * laminating nucleotides at 
each cycle of synthesis, e.g., a^p reagent wag 

«th 2* dCTP, 2% dGTP, and 2% dTTP. Fo r 97-mers, tLs 
2% poisoning should give the following percentages of 
non-mutant, single mutants and double or higher 
, mutants per strand with two or more ^incorporations 
per complementary strand: 14% non-mutant, 28% single 
»utant, and - 57% with a2 mutations, according to the 
general formula 



5 



n 

' — e- P 
ni 
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"here „ is the average number of m t.n 
-mher ciass of station, J l u " *" " 

total h , vin9 ^ nlmbcr J'J*' f " ctlon ° f «» 

sealed (fragment 3, L tJTH, ^LT^^ 
-ess over fragments 1 an, 2 in I th^X^" 

. S- SBli MM294 was transformed with the n 
reaction, the transformation pool "2 lS "" B 
- the pooied plasmid DNA .T^™? T^LZt 
presentee x 10 4 transformanTs Lis 

plasmid pool was digested with PstI ana ♦„ 
retrahsform E . oe>11 . Es£I end then used to 

prepared and us.d^'tran'sf Pl ' OTid ^ ~ 
Approximately -40% of the L 20 " * ' <BG2 ° 36> " 

.... .„T , ™-r-;' n - 

insertions or ts.i.,** • d to have 

ons or deletions in the svn+n.fi. 

m on LB 1.5% sk la milk/Spg/nL anp plates 
incubated overnight at 33 'C rumm uV 
approximately 4- 8 — i„ «, halOS Were 

lifted to L C L of ^ ^ 

I x Tid. o Paper sat ^ated with 

II 5 Id TT lal W a* Ka 2 CC 3 , P H 

and incubated at 65 *c ^«r- on . 2 3'*"* 

ax ievels of expression. After 
treatment AIier was 

cliL » niters were ra<-n^ A j 

tetracaine PlateTaT lULd^ 
for 4 hours to overnight. 
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Mutants identified by the high pH stability screen^ 
be acre alkaline stable were purified and analyzed for 
autolytic stability at high pH or high temperature. 
The double mutant C204/R213 was more stable than wild 
type at either high P H or high temperature (Table 
XXII) . 

This mutant was dissected into single mutant parents 
(C204 and R213) by cutting at the unique Smai 
restriction site (Fig. 35) and either lighting wild 
type sequence 3 • to the Smai Bit e to create the single 
C204 mutant or ligating wild type sequence 5- to the 
Smal site to create the single R213 mutant. of the 
two single parents, C204 was nearly as alkaline stable 
as the parent double mutant (C04/R213) and slightly 
acre thermally stable. See Table XXII. The R213 
mutant was only slightly more stable than wild type 
under both conditions (not shown) . 

20 Another mutant identified from the screen of the 197 
to 228 random cassette mutagenesis was R204. This 
mutant was more stable than wild type at both high p H 
and high temperature but less stable than C204. 

25 
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30 
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Stability of *nbtnijgn_v^ aj ^ 



Toilet en2y " eS (2 °°^ L > incubated i„ 0 1M 

phosphate, p H 12 at 30«c for alkai^. * , 
2*M caci 50bi m «n. c autolysis, or in 

«-ac:j. 2 , 50mM MOPS, p H 7.0 at 62 'C for +k 

autolysis. A t various times samples "ere ass „ 
residual enzyme activity ina^' . W f ° r 

pseudo-first order, Ind t S^™ 1 ™ «»*ly 

to ,e ach 50% of the ^^.jsr^ :r 11 to °* 

experiments. «avxty m two separate 
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20 



25 



SubtiH s i n va r -{ aTlt 

wild type 

F50/V107/R213 
R204 

C204 

C204/R213 
L204/R213 



t 1/2 
(alkaline 
autolysis) 
Exp. Exp. 

- #1., *2 


t 1/2 
(thermal 
autolysis) 
Exp. Exp. 

-JLL_ _ *2 


30 


25 


20 


23 


49 


41 


18 


23 


35 


32 


24 


27 


43 


46 


38 


40 


50 


52 


32 


36 


32 


30 


20 


21 



30 



35 
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Random Mnta P< »n cg ,' P at r „,q„ n 
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IHIL"" T ib ° Ve """^ COdOT *" — targeted for 
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Plasmid DNA encoding the subtilisin mutant C204/R213 
vas digested with ^ and ^ and «° 

^Rl/Sstl fragment was isolated h y electro-elutiot 
from polyacrylamide gel (f ragaent lf see Fig . 35 ^ tl0n 

lleiZll n * ls ; di9ested wlth ^ «* «- 

and the 3 . ^ lnClUdin9 V6Ct ° r "»«*« 

low melt " ° f C ° ding regi ° n ' VaS isol »^ 

low melting agarose (fragment 2, see Fig. 36) . 

Fragments 1 and 2 were combined in four separate 
three-way ligations with h eterophosphorTlat ed 
fragments 3 (see Figs. 3 6 and 37) Thic 7l 
Phosphorylation of svnth*-Mo !' ^tero- 

or synthetic duplexes should 

orylated strand int 
- F Four plasmid noole 
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r—^ry^on of synthetic duplexes s h„„i„ 
preferentially drive the , «P^exes should 

the olasmid ii r P^osphorylated strand into 

the plasma ligation product. Four plasmid pools, 

iz ing to the four ii9ations ' ~- -st!ict e ; 

0204/lS priest ; *° linear " e « 
/R213 Present from fragment 2 isolation *v 
,o rejoin* toe background 6£ ^ «~ 

^ "~~"»- „ ith fia£l . rMtricted pIasmI f - s 

hetlrl , ^ ° f «° 4/R2 " Md «y non-s.gregat.ci 

heterduplex material. 9 

siL%rT enrichea piasmia — t.- 
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35 



■teMe ttan tb. wild type SU btili Ein . Se . rabJ . xxn. 
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Having described the preferred embodiments of the 
present invention, it will appear to those ordinarily 
skilled in the art that various modifications may be 
*ade to the disclosed embodiments, and that such 
5 modifications are intended to be within the scope of 
the present invention. 
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CLAIMS; 

1. A carbonyl hydrolase hav inp at , 

Property which is substantial^ dl / £ ^ £ ^ 

same property of a r,™ ""rent from the 

selected f rom tte orom5 " Property being 

- ollity « al)!al iir stiimrv' . thermai 

Precursor carbonyl hydrolase , s Hu c T a T 
group consisting o£ natm .„,, sele ««<3 f rora the 
hydropses and Lcll * ° Ccurrl "9 "rbonyl 

"id carnonyr ^Tr " rb0nyl «d 

-r^ed by r JC^i^r^r acid - 

o* the substitution, deletion a „d ^ 
l««t one a^ino acid in said * la " rti ° n " 
said precursor carboy! °* 

^ol.se mutant ^' er T 

•elected £ rom th « ' " ld Property i eing 

»aoiiity, ~ t^. s'prrLicT 1 " 1 " 9 ot ° xia - tivl 

"errcal stabi lity L al f " talytlc »«ivit y . 

Profile wherein said' precTr/or b' PB ""^ 

•elected from the CUrEOr "rbonyl hydrolase i, 

occurring carL,^ ^ U^lTsesT d^"" 9 °* 
hydrolase, and said , k """"""ant carbonyl 

«id seo^ence is derived'b ^ hydr ° laSe 

9 roup consisting £ *^JL T *«- «- 

one a^ino acid 9 ln — — rtion of at least 

Precursor carbon," hval °* 

0 ne ^^^.rsr^ of nore 

•nuance of said precursor carbony' hydrolesT" 
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3. A - carbonyl hydrolase » oteint derived 
replaces of at least one a»i„o acid residue of a 

aclr'IIL"^ 0 ^ 1 hyar ° laSe " lth * "««•»' «*» 
ac.d. sard one an,i„o acid residue being selected fro* 

Sit- rn s ° f 

— -—- _ sumiiisin consisting of Tvr21 

Thr22 f Ser24, Ser33 Y ' 

Ser49 * P ' Ala45 ' G1 y 46 ' A ^48, 

Ser49, Met5 0, Asn77, Ser87, L ys94, Val95 Leu96 

Tyrl04, Ilel07 , Glyll0f AsnlSS G ^ ' 

f ' Phel 89 , Aspl97 Hi ' 

Gly97, Asp99, SerlOl, Glyl02, Glu!03, Leul26 Glvl^ 
Glyl28, Prol29, T yr214 Glv23 * , ieul 26, Glyl27 # 

acid rm«i* l * T21 *> Gly215, and equivalent amino 

acid residues m. other precursor carbonyl hydrolases. 

LIT"" 1 hydr ° lase -f* having an amino acid 
sequence derived from the amino acid sequence of a 
Precursor caroonyl hydrolase by the subs ^ °/ f ^ 
d.ffernt ammo acid for .ore than one ^ acid 
residue of said amino acid sequence of said p reC ur Sor 
carbony! hydrolase, said ^ acid res ^"""^ 
-ected ^ ^ ^ ^ ^ ^ ^ 

^^^^.rrr- consistin9 ° f 

«£. Ser49,' S ^ ^ ^ 

Val95 Leu96, Tyrl04, u. 107 , Glyllo, Me tl24 A J 152 
Asn- 155f Glul56, «yl66. Glyl 69 , ' Lysl7 o ' £ ' 
*rol72, Phel89, Aspl9 7 , M etl99 s^,n/ Tyr171 ' 
Ser 221 , Met222 . Hise,"^!. t ^/C, 3 ' 

^ues ^ ^^Lc^rr ~ ld 
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5. The mutant of Claim 4 wherein saia combinations 
are selected from the group consisting of Thr22/Sere7, 
Ser24/ S er87, Ala45/Ala48, 8«49/i y . M , Ser4 9 /Val95 
«et50/Val 9 5, M et 5 0/Gl y il„, N et50/«etl24 MetSO »It222 
S Metl24/Met222, Glul56/ G lyl66. eM J /al t 16 l' 

Cl y lS6/ M et222. G l yl69/Me t22 2 , ^ hr ' 

ZlliTlT" 22 ' ««so^i u L ; 

.Myl66/13rr217. M et50/Glul5 6 /T y r217, G1 ul56/Glvl6 9 / 
10 Zllll' "f 170 ^ 62 "' ^°</L y s213, aetSO/XlelO, 
Ser204/Lys213/Gly215/T y r217. 

6- A carbonyl hydrolase mutant derived by the 
replacement of at least one amino acid residue of a 

al e rrV arb °° yl hydr0l " e " ith * amino 
acid, sard one amino acid residue being selected from 

the group of amino acid residues of of Bacillus 
. amylolicuefa.i.n. subtilisin consisting of - ^ 

20 Til" ' ASP32 ' Ser33 ' Asp36 ' «y46 

leu96, Tyrl04, n e 107, Glylio, Metl24 , ' 
Asn-155, Glul 56 , . Glyl66 , ' 

^ro 72, Phel e 9 , Aspl 9 7, „etl 99 , Ser204 , ' 
23 Tf, ' S " 221 ' Met222 ' HiS67 ' le » 126 ' ^"5, Gly 9 ,' 

: - Giyi ° 2 ' giu " 3 ' Leu126 - «,n. 

**o».. ^2X4, Gl y 215, and equivalent amino acid 
rescues xn other precursor carbonyl hydrolases 
"herein said at least one amino acid Residue of said 
30 P " miSOZ ^"^ hydrolase is replaced vith the 
a^no add residues listed in TABLE z and TABLE II 
herein. 
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7. The mutant of Claim 6 vherein the amino acid 

replacing sard at least one amino acid residue in said 

precursor carbonyl hydrolase is selectd from the 
replacement amino acids listed in TABLE I herein. 
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8. Mutant DNA sequence encoding the mutant of claims 
1 through 7. ins 

9. Expression vector containing the mutant DNA 
seguence of claim 8. 

10 Host cell transformed with the expression vector 

of Claim 9. 
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